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Transparent electronics are an essential ingredient in many new technologies which 
are emerging in the 21st century - high efficiency solar cells [1, 2], interactive and 
transparent displays, energy efficient windows, and photonics for communications and 
computing [3]. The development of transparent conductors which are abundant, cheap 
and environmentally friendly, is critical for materials science in developing such 
applications. Specifically, an important research goal is to find substitutes for indium 
tin oxide (ITO) - the dominant transparent conductive oxide (TCO) material. ITO is a 
high performing and robust transparent conductor, but it is made from indium which 
is scarce, expensive and toxic. Zinc oxides doped with small amounts of aluminium 
(AZO), are promising candidates for such a substitute but generally don’t perform as 
well as ITO [3]. Gallium co-doping with aluminium improves AZO performance 
significantly, but raises similar concerns to ITO, in terms of the scarcity and high cost 
of gallium.  
This project aims to enhance the conductivity of AZO thin films, by adding a thin 
middle layer, co-doped with Ga (AGZO). The project employed the solution based 
sol-gel technique for synthesising AZO and AGZO nanoparticles, and then deposited 
composite multi-layered thin films on glass substrates using  a spin coating process. 
The optical properties, crystal structure and morphology of the films were 
characterised using UV-vis and FTIR spectroscopy, X-ray diffraction and Field 
Emission Scanning Electron Microscopy. Composite multilayer films were produced 
with thickness around 320nm, exhibiting transmittance above 90% across the visible 
range and resistivity approximately 10 Ωcm.  
Results indicate significant improvement in AZO films, resulting from the addition of 
the co-doped AGZO mid-layer. The enhancement in performance recorded, was 
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similar to that found in uniformly doped AGZO films, except that the composite films 
contained only 20% of the gallium compared with the AGZO films. Due to the high 
cost of gallium, this presents the potential for significant reduction in the materials cost 
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Chapter 1 Introduction 
When transparent conductive metal oxides (TCOs) were first discovered early in the 
twentieth century, they were ahead of their time. Their first application came during 
world war two [2, 3], but in more recent decades, TCO thin films  have enabled a range 
of enhancements to existing technologies, and they promise some novel applications 
which will be significant in the coming decades. Among these emerging technologies 
are various kinds of interactive visual displays such as touch screens and transparent 
displays, high speed computing and communications, and transparent electrodes in 
thin film photovoltaic (PV) systems [4-9]. The global markets for TCO materials is 
already significant, and strong growth is expected to continue into the future [2, 10, 
11]. Inevitably, other novel applications will emerge for transparent electronics which 
are yet unforeseen. 
The two properties which must co-exist in such materials; electrical conductivity and 
optical transparency, rarely coincide in solids, and the requisite conditions which give 
rise to them are in some senses mutually exclusive. Because of this, progress in the 
science of TCOs has been relatively modest compared with the achievements in solid 
state electronics more generally. Significant challenges still remain for researchers, 
and some important milestones in the technology are yet to be realised. 
A key set of challenges for the future, are around cost and supply of the mineral 
precursors used to produce TCOs. The leading materials are indium oxides doped with 
tin (ITO). ITO performs very well as a transparent conductor, but indium is one of the 
rarest elements on earth. In recent years the cost of indium has increased, driven by 
growing consumer demand for flat panel displays, and this puts price pressure on other 
important TCO applications such as solar PV. Material cost and supply concerns 
around ITO threaten to slow the development and to limit the long-term potential, of 
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TCOs for solar energy applications and transparent electronics more broadly [3, 11-
13].  
TCOs made from zinc oxide doped with aluminium (AZO) are of interest to 
researchers, because they are promising substitutes for ITO, and they have significant 
benefits in terms of material cost, certainty of supply, and environmental outcomes. 
To date however, AZO has only had modest success in replacing ITO, particularly in 
the flat screen display markets which dominate global TCO production [2, 11]. The 
conductivity of AZO is less than ITO by a factor of 2-3 or more depending on 
deposition method, and it is much more sensitive to process parameters, which adds 
cost to manufacturing [14-16]. Gallium doping has been reported to enhance ZnO 
films when used in place of aluminium, or with Al in co-doped TCO systems [17, 18]. 
Although Ga is much more abundant than indium, it is also a rare and expensive 
mineral, and this has prevented its commercial use as a dopant in TCO films [17].  
This report examines AZO transparent conductive thin films, and some methods for 
efficiently co-doping them with gallium. The broad objective of the project is to 
advance production techniques for AZO based transparent conductors, with the dual 
goals of maximising electrical and optical performance, while minimising concerns 
around the cost and supply of critical raw materials.  
Thesis outline 
A review was undertaken of relevant literature, followed by an experimental 
investigation where thin films were produced from AZO and co-doped with gallium 
in several different ways. Films were produced which were uniformly doped 
throughout, while some included internal layers with different doping regimes to the 
bulk of the film. Films with thickness around 320nm were produced via the sol-gel 
technique, and were deposited on glass substrates by spin coating. The coatings were 
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then subjected to thermal annealing treatments under high purity nitrogen. Through a 
series of experiments, a novel multilayer TCO system was developed. The system 
employs an AZO film with a thin central layer, which has been co-doped with Al and 
Ga (this co-doped material will be referred to as AGZO). Results suggest that the co-
doped mid-layer appears to seed the film with gallium, which diffuses outward through 
the AZO during thermal treatment. The method was found to enhance the electron 
mobility in AZO, and improve the doping efficiency of Ga, compared with films which 
employed more conventional co-doping techniques. 
This thesis document is structured to provide first, a brief overview of TCOs and their 
applications. In this introductory section, the optical and electrical properties and the 
relevant measures of TCO performance and the structural properties which underlie 
performance are introduced, and references are made to key contributions made in 
literature. The purpose of this section is to provide some background for a more 
detailed discussion which follows on the theoretical basis for engineering TCO 
materials. Chapter two provides theoretical background and discusses the structures 
within the material that determine TCO performance. In the latter half of the thesis, a 
set of experiments to investigate the performance of the novel co-doped mid-layer 
system is described. 
Overview of transparent conductive oxides 
The first recorded transparent conductors were produced in 1907 by Karl Badeker, 
while experimenting with thermal sputtering processes for metallic films [3, 19]. 
Badeker applied thermal oxidation treatments to cadmium coatings, producing a 
yellowish transparent film with moderate conductivity, which was cadmium oxide. In 
the 1940s a number of TCO materials were discovered, and after the 1970s the volume 
of research expanded, peaking in the latter half of the 2000’s. TCOs are still an active 
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area of research, in areas such as p-type conductors [20, 21], and the important area of 
substitute materials for ITO [4, 5, 18, 22-25]. A number of transparent conductive (TC) 
materials are known, including oxides of indium, tin and zinc, as well as some metal 
nitrides, and polymers [2].   
Applications for TCOs have evolved as new technologies have emerged. The earliest 
reported applications were for de-icing aircraft windows during WWII [3]. In the 
1950s, TCO films were used to create heat shielding windows which reflect infrared 
light [3, 26]. More recently, functional windows with variable opacity have become 
available using TCO films are used as electrodes [27]. The windows work by setting 
up an electric field which re-orients liquid crystals suspended inside the pane, 
scattering light and switching the window from clear to opaque. Similar concepts are 
employed in flat screen technologies such as liquid crystal displays LCDs [2, 3]. On a 
smartphone or tablet computer, a grid of tiny switches sitting over the display provide 
its touch sensitive functions, also made with transparent conductive materials [3].  
An important application for TCOs is in photovoltaic cells (PVCs) where they are used 
as transparent electrodes [1, 3, 28, 29]. Figure 1.1 shows a schematic view of how 
TCO layers are used in CIGS thin film and amorphous silicon PVCs for transparent 
electrodes [2].  In all the applications mentioned, TCOs are integral to the function of 
the final products, and they all have a strong outlook in terms of growth in demand. 
Consumption of goods like flat screen displays, smart phones and solar PV systems 
have all increased markedly in recent years, and most have outstripped expectations 
significantly [2]. Looking forward, reports by industry and governments predict 
continued strong growth in demand, and many predict supply and cost pressures on 












TCO Performance  
Optical transparency and electrical conductivity are both electromagnetic in nature. 
However in solid materials, transparency and conductivity rely on different processes, 
and these processes tend most often, to counteract each other. In addition to these two 
basic requirements, a useful TCO must also fulfil other criteria related to commercial 
viability and environmental performance. As mentioned, commercial TCOs are 
integral to a variety of emerging technologies which are expected to expand in terms 
of consumption, and so the production process must be amenable to scaling up to 
industrial levels economically, in order to find wide commercial use [30]. Raw 
materials must also be cost competitive [3], and must be available in sufficient 
abundance to ensure security of supply [31, 32] and avoid price fluctuations and 
market volatility which has been seen in indium markets over the last decade [11, 13].  
Which performance measures are most important for TCO materials, depend to some 
extent on their application [2]. In terms of longevity, the materials must be chemically 
and physically resistant to degradation, depending on its operating environment. In the 
TCO (ZnO, ITO)        250nm 
  
CdS                                 7nm 
CIGS                        1000 nm 
 
Mo                              500 nm 
 
Substrate - Glass, foil, plastics 
Figure 1.1 a) Multilayer CIGS thin film PVC incorporating ZnO and ITO 
transparent conductive layers, b) amorphous-Si PVC with TCO top and bottom 
electrodes. (adapted from Ginley 2010) [2]. 
Glass                        front cover 
(ITO / ZnO)       TCO electrode  
p-type µc-Si                     30nm 
intrinsic µc-Si                800nm 
  
n-type a-Si                       40nm 
(ZnO)                TCO electrode 
Ag                                reflector 





case of solar energy technologies, that means the films must resist cracks and fractures, 
and maintain adhesion between layers while flexing under wind loads, over a wide 
range of temperatures, exposed to moisture and ultraviolet light (UV). The lifetime of 
solar energy systems is generally expected to be 10-20 years to generate an attractive 
return on investment, all of which is a significant challenge for materials engineering. 
For other applications in optoelectronics, the TCO materials must also be amenable to 
more advanced manufacturing processes such as etching with high precision, for use 
in micro-electronic circuits [3].     
Electrical performance 
Electrical conduction is described well by the Drude classical model [3, 33, 34] where 
electrons are viewed as particles flying through the material, occasionally colliding 
with an atom or another electron. The charge carrier density is one of the key 
parameters which determines the material’s conductivity (𝑛  is used for electron 
density in n-type conductors). The other key factor in conductivity is the carrier 
mobility (for n-type materials electron mobility 𝜇 ), which describes how quickly 
electrons move through the material under an electric field. Mobility is reduced when 
electrons are scattered by discontinuities in the material’s structure.  These 
discontinuities can include crystal defects and dislocations, internal surfaces such as 
grain boundaries, the presence of ionised and non-ionised impurities, and other 
conduction electrons. Scattering is also exacerbated by thermal motions of atoms and 
electrons, which effectively widen their collision cross-section. Whilst the classical 
model is useful for describing these scattering mechanisms,  a proper discussion of 
electron transport and other opto-electrical properties such as the energy band structure 
and optical absorption, require a quantum mechanical description which takes account 
of the wavelike nature of electrons [3]. Insofar as it is necessary, these topics will be 
discussed in the chapter two.  
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The materials discussed in this review are all n-type conductors. This n-type condition 
is achieved in TCOs as with silicon semiconductors, that is by doping with extra-valent 
atoms which ionise in the material, donating their ‘extra’ electron to the conduction 
band (CB). In p-type transparent conductors, conduction works by transport of electron 
holes. The junction of p-type and n-type conductors is at the heart of electronic systems 
and hence the production of efficient p-type TCOs is a significant milestone in the 
development of transparent electronics. Over time however, p-type TCOs have proven 
very difficult to produce reliably due to issues such as poor chemical stability [8, 21], 
and this continues to be a difficult challenge for materials science [2, 3, 8, 21, 35]. The 
discussions that follow will be confined to the topic of n-type transparent conductors. 
Optical performance  
For visual display applications the key optical performance measure, is transmittance 
in the visible range with photon wavelengths (𝜆 ) from 400-700nm. A TCO thin film 
requires a minimum 80% transmittance through that range, although average 
transmittance of over 90% is common. For many applications in solar energy, it is also 
important to control transmittance and reflectance in the IR and UV range in order to 
maximise efficiency, because a significant portion of the sun’s energy lies in these 
regions, outside the human visible range. For example in energy efficient windows, 
the TCO coatings need high reflectance in the IR [3], whereas in TCOs used for front 
contacts on high efficiency PVCs, maximum transmittance across the full solar range 
is most efficient [36]. The material’s transparency can also be affected by macro scale 
defects such as cracks and fractures, contaminants and inhomogeneity that can cause 
light scattering and opacity, and which can degrade transmittance over time. 
The upper and lower boundaries of the transparent range (UV & IR absorption edges 
respectively), are determined by separate processes but both are driven by the actions 
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of electrons. The IR edge is determined by the density of free (conduction) electrons 
(𝑛 ), while in the transparent range, the transmission of light occurs by the action of 
bound (valence) electrons. The IR edge is generally in the near to mid-infrared region 
(NIR to MIR), with  𝜆 ≈ 0.7-5µm. The UV edge is determined by the material’s 
energy band gap (𝐸 ).  𝐸  is a function of crystal structure, and it sets the energy 
threshold for absorption of photons in the UV range. Incident photons with 𝐸 > 𝐸 , 
are absorbed by electron transition events, where an electron is excited from the 
valence band (VB) to the conduction band (CB).  Photons in the visible range have 
energy less than 𝐸 , and so their energy propagates through the crystal without being 
absorbed. A TCO requires an energy gap at least 3.1eV to be transparent across the 
visible range. 
 
Figure 1.2 A typical transmission spectrum for a TCO thin film.   
 
The electronic environment inside a semi-conductor is highly dynamic, and there are 
multiple factors which affect opto-electronic properties. Many of those factors interact 
with each other in complex ways. And so in order to work, TCOs require a number of 
internal conditions to coincide within a narrow optimal range. TCO’s generally and 
AZO especially, are said to have a narrow process window [15], meaning that in a 
material’s chemical and thermal history, many things had to go ‘just right’ in order to 
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produce a high performing transparent conductor. To properly describe TCO materials 
it is necessary to discuss the opto-electronic interactions in some detail; these topics as 
well as their theoretical background will be covered in the next chapter. 
Doping in TCOs 
The most widely used TCOs are indium, tin and zinc oxides, doped with impurities to 
engineer the oxide’s properties in various ways. The role of dopant atoms are to 
increase the number of free charge carriers in the material, but they may also have 
unintended side effects. Ideally, the dopant metal atoms should take up substitutional 
lattice sites in place of the host metal ions, in the oxide matrix. Elements with extra 
valence electrons in those substitutional sites tend to donate them to the CB, which 
increases 𝑛 . However there several ways impurities can lead to different types of 
defects, with varying effects on TCO performance. Dopant atoms sometimes take up 
interstitial sites, or congregate in metallic clusters or mixed metal oxide phases 
between crystal grains [37]. These alternative behaviours of dopant atoms can prevent 
donor activation, as well as increase electron scattering and disrupt crystal growth, 
which are all detrimental to TCO performance. 
Deposition techniques 
Various physical and chemical coating techniques can be applied to TCO materials. 
Physical deposition techniques include thermal evaporation, laser ablation or 
sputtering systems, whereby precursor ions are liberated from the surface of a bulk 
target and then directed onto the substrate surface by electric fields, plasma fields or 
thermal convection. In chemical vapour deposition techniques (CVD), precursor 
gasses flow over the substrate at high temperature, and react when they mix together 




The sol-gel process is a solution based, self-assembly process which employs a series 
of hydrolysis and condensation reactions. In solution, precursor monomers crosslink 
to form clusters which grow into nanoparticles, producing a colloidal suspension. The 
liquid is then applied onto the substrate to form a thin film, via spin or dip coating 
processes. After coating, heat is applied to hasten evaporation of the solvents causing 
the final stage of gelation to occur rapidly. The coating can be repeated a number of 
times to increase the film thickness. Often this will be followed by additional thermal 
treatments at higher temperatures, to anneal the coating. The annealing process allows 
the constituent atoms to diffuse through the material for form a dense polycrystalline 
film [12], and allows defect and impurities to migrate to the surface and out of the 
material [12, 38-41].  
 
Figure 1.3. Sol-gel process for coating (adapted from Znaidi 2010 [42]) 
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Solution based processes such as spray pyrolysis and sol-gel have some advantages in 
terms of controlling composition and homogeneity in thin films. Precise doping can 
be determined easily by setting appropriate concentrations in solution, which is 
particularly useful in TCO films, since small changes in dopant concentration can have 
large impacts on performance. Solution processes also have the advantage of relatively 
low equipment costs and ease of use, especially for materials science research. For 
example, solution based processes have the ability to generate a series of samples with 
small variations in composition relatively quickly, and with no equipment 
modifications required. On the other hand, sputtering techniques require that solid 
targets be made with fixed composition [40]), which increases the cost and effort 
required for experiments which require small variations in composition.  
 
TCO materials 
In terms of optical performance, TCOs with transmittance over 90% can be routinely 
produce using both physical and solution based techniques. However in terms of 
electrical performance, physical deposition methods such as sputtering and pulsed 
laser deposition (PLD) have generally been found to achieve higher conductivity than 
in films produced via the sol-gel route [16, 18, 43]. Looking at AZO specifically, many 
researchers have produced films via the sol-gel process, and reported resistivity that 
has varied widely.  Alam & Cameron [7] used a sol-gel process to produce AZO films 
with resistivity 1.5 x 10-4 Ω.cm, which is very close to the best TCO films reported, 
most of which are made with ITO. Some groups have reported similarly impressive 
results with AZO since then [30, 40, 44, 45], but many other works using the sol-gel 
process for AZO report resistivity much higher than this, often by several orders of 
magnitude  [18, 46-49]. The reasons for this large variance are subtle, and many. 
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Viewed in aggregate, it is a symptom of AZO’s limited chemical stability, and its high 
sensitivity to variations in experimental condition, which create a very narrow process 
window for experimental success. In addition, thin film resistivity is effects by 
morphological factors such as porosity and surface topology which are also sensitive 
to experimental conditions in the sol-gel process. 
ITO materials tend to have resistivity around 1 x 10-4 Ω.cm [7, 8, 14, 50]. ITO also has 
excellent optical transmittance and good chemical stability, and general resistance to 
degradation in oxidising environments [38, 51]. For all these reasons, ITO is the 
transparent conductor of choice for most applications. However indium is a rare 
mineral, with very limited resources. Global production only is only around 600T 
annually [13] and a similar amount is recycled from sputtering targets used in the 
manufacturing of flat screens. In 2012, over 75% of global consumption of indium was 
for TCO materials in flat screen displays [10]. There has been a large volume of work 
done on substitute materials for ITO over several decades, motivated by the need for 
security in the supply and certainty in the cost of raw materials for TCOs [10, 14, 51]. 
There are a number of possible substitutes for ITO, with varying qualities. Some 
materials which perform well enough to be used in large scale manufacturing [3] 
include tin oxides doped with antimony or fluorine (ATO, FTO), and AZO [14]. It has 
been well researched that AZO is a potential substitute for ITO, because of the 
abundance and relatively low cost of aluminium and zinc, and their low toxicity [2, 3, 
12, 16, 52-54]. Compared with indium, zinc is around 1400 times more abundant [2, 
3, 55], and aluminium is the most abundant metal in earth’s crust, comprising around 
6.6%. However, production of high performance AZO is highly sensitive to 
preparation parameters, and difficult to maintain with high consistency across large 
areas [3, 14, 16]. AZO is also oxidised more readily than ITO, and this can degrade its 




Transparent conductive materials are important for advanced technologies like 
transparent electronics and flat panel displays as well as many applications for energy 
generation or efficiency such as solar PV, architectural surfaces and smart windows. 
Burgeoning demand for visual display technologies has put pressure on supply and 
price of ITO, which limits the long term potential for next generation solar energy 
technologies, in terms of commercial viability and the secure supply of raw materials. 
In materials science there has been a concerted effort over the last decade or so, to find 
or refine substitute materials for ITO to reduce the supply risk and price volatility 
associated with indium ([4, 5, 18, 22-25].  
Of several alternatives, AZO is a strong contender, due to the low cost and abundance 
of zinc and aluminium, as well as environmental benefits. It has been shown that AZO 
films can have conductivity which closely rivals that of ITO, but AZO has only seen 
partial uptake by manufacturers because of several shortfalls such as the very narrow 
process window, and difficulties with fast and consistent deposition of AZO over large 
areas. Whilst gallium co-doping has been found to yield benefits for AZO in the 
laboratory, they are yet to be realised at the commercial scale due to the high cost of 
Ga.  
This research projects seeks to address the challenge of improving production of AZO 
films using methods which are scalable for inexpensive and reliable large area 
deposition. The research project also aims to minimise cost and supply concerns 
around critical raw materials like indium and gallium, which are growing concerns for 
TCO materials in the future. The experimental work described here, explores doping 
and co-doping with Al and Ga in ZnO films, including a novel multilayer thin film 
design incorporating co-doped AGZO layers, within an AZO matrix. 
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Chapter 2 Theory of Transparent Conductive Oxides 
After more than 100 years since their discovery, a great deal of research work has been 
done on TCO materials. And yet, much remains to be understood about the electronic 
interactions which determine their behaviours [2, 3]. Computational methods for 
modelling electronic and energy band structure have been used in TCO research, and 
have not always been in good agreement with experiment or each other. Indeed, 
experimental results even for similar materials, have varied widely between research 
groups. Electron transport mechanisms in some materials are not well described, and 
predicting the properties of new materials is difficult [2, 56].  
The reason for this is extended uncertainty, is twofold. Firstly, there is a large number 
of experimental factors which influence the transmittance and conductivity of the film. 
Secondly, the nature of TCOs is that they strike a fine balance between two properties; 
transparency and conductivity, which are normally antagonistic of each other. For this 
reason, many structural and electro-chemical properties of TCOs must sit within a very 
narrow range, to avoid impacting performance. To complicate matters further, there 
are interactions between key underlying mechanisms which dictate conductivity and 
transmittance. These interactions and the sheer variety of influencers, puts TCO 
materials on somewhat of knife’s edge, regarding process settings for fabrication.  
In this chapter, the theoretical basis of TCOs will be discussed in more detail. Electrical 
conductivity will be discussed in terms of electron density and mobility. Scattering 
mechanisms which give rise to resistance are a central concern for TCO science, and 
these will be discussed. Among them, some have their origin in the doping which is 
necessary for high electron density, and some are related to the material’s micro- and 
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nano-structures. These various scattering mechanisms each dominate under different 
conditions.  
The optical properties of TCOs are of course critical, and are driven by some of the 
same electrical properties which determine conductivity. In addition to maximising 
conductivity, extending the transparent range of TCOs is another important research 
goal for materials science, to improve the solar conversion efficiency in solar PV 
systems. Methods for engineering the optical range, and how these affect the electrical 
performance of the films will be discussed. Finally, a summary of ZnO based TCO 
materials will be provided, along with a brief discussion of the sol-gel and spin coating 
deposition methods used in this work. 
Electrical properties  
Conductivity  
The classical approximation of electron conductivity is well described by the Drude 
model [3, 33, 57] in which  electron motion is modelled as a series of short free flights, 
punctuated by collisions. When an external electric field is applied, the trajectory of 
each electron flight curves, as the electron accelerates under the coulombic force. The 
sum of all these accelerations creates a net drift current which is used in electric 
circuits to do work.  
The electron conductivity (σ) describes the current density (𝐽) which passes through 
an area of the conductor under a given electric field strength (E).  








Figure 2.1 Conductance of a thin film depends on its conductivity and the (effective) 
cross-sectional area (A). 
The conductance of a thin film is generally obtained from measurement of the sheet 
resistance (𝑅 ) from which the intensive value resistivity (𝜌) is obtained. 
Conductivity is the inverse of resistivity: 𝜎 (S)  =  𝜌  (Ω). The conductivity of a film 
is determined by the underlying material properties, the electron density 𝑛 , and 
mobility  𝜇 . The relation for (electron) conductivity is below where 𝑒 is the electron 
charge [34]: 
𝜎 =  𝑛  .  𝜇  . 𝑒    (S cm-1)                    (2.2) 
Electron density  
The most commonly used method for obtaining the free carrier density in semi-
conductors is by Hall effect measurement. However, in thin film TCOs there are 
significant challenges to measuring the Hall effect accurately [2]. For example, In 
films with low carrier density, high voltages are required to generate sufficient drive 
current. I2R power dissipation can generate significant heat at the contacts and across 
the film. The resulting temperature gradients effect accuracy of the hall voltage 
measurement,  generating errors caused by thermo-currents and temperature 
dependent changes in resistivity [58]. the high drive voltages also make it difficult to 
to obtain the sensitive measurements required of the Hall voltage. In practice, accurate 
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measurements are easily swamped by noise or biased by asymmetries in the quality of 
electrical contacts, or by electrode size and placement [58].   
Fortunately, in TCOs it is possible to estimate the density of free charge carriers using 
optical spectrometry techniques. Interactions between free electrons give rise to 
plasma oscillations (plasmons), where electrons oscillate en masse, either in the bulk 
of the material or on its surface. These plasmons can be excited by incident photons, 
which are absorbed in the process. Plasmon oscillations occur most readily at a certain 
resonant frequency, and that frequency is related to the effective mass (𝑚∗) of electron 
in the material, and to the coulombic forces between electrons. The strength of the 
electric forces between electrons is related to the square of their separation distance, 
and hence there is a strong relationship between electron density in the material, and 
the plasma resonant frequency. Based on this relationship, the electron density can be 
estimated by rearranging the relation [34, 37, 57];  
𝜔 = ∗           (2.3) 
where 𝜔  is the plasma frequency, 𝜀  and 𝜀  are the vacuum permittivity and high 
frequency permittivity respectively. In TCO’s 𝜔  generally falls in the NIR to MIR  
range. For photons near 𝜔 , a change in behaviour occurs in the material, from high 
transmittance at higher photon energies, to high reflectance at lower energies. This 
combination produces an absorption peak which can be obtained experimentally using 
IR spectrometry.  
Couttes et al [57] modelled plasma frequencies in TCO materials with various electron 
density and mobility, and showed that over the range of  𝑛  and 𝜇  expected for TCOs, 
the IR absorption peak predicted carrier density with a high degree of confidence. 
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Couttes et al also found that the reliability of the method improved further, for carrier 
densities in the lower end of the range below 𝑛  = 1020 cm-3 (see p65 in [57]) 
Intrinsic (undoped) ZnO has an electron density around 1015 cm-3 [53]. In divalent 
metal oxides like ZnO, 𝑛  may be engineered by adding trivalent impurity atoms in 
appropriate quantities. The dopant atoms maintain charge neutrality in the material, 
but electrons which are excess to the bonding arrangements in the bulk material, are 
easily excited to the CB at room temperature. This generates a large increase in the 
electron density. ZnO doped with Al or Ga has been found to have 𝑛  from 1019 cm-3 
[59] up to around 9 x1020 cm-3 [40]. A TCO is degenerately doped when the Fermi 
energy is above the CB minimum, meaning that there is a high density of states in the 
CB. This is important for high conductivity, and generally occurs when 𝑛  exceeds 
around 1018cm-3 in TCOs [60]. 
Electron mobility 
Electron mobility is a complex matter, as there are many effects present in the material 
which impair mobility. These effects cause various electron scattering processes, 
which are the origin of electrical resistance. In TCOs, mobile electrons are scattered 
by various impurities, defects and dislocations, as well as by interactions with other 
charged particles and interfacial surfaces such as grain boundaries [15, 60, 61]. 
Thermal motions of atoms within the solid also contribute a degree of scattering 
(phonon scattering), since they increase the likelihood of collisions, and these effects 
generally rise with temperature. 
Mitigating the processes which cause electron scattering is one of the most significant 
challenges in producing high conductivity TCO materials. Analysing how each of 
these scattering mechanisms contributes to the material’s resistance is not 
straightforward, and is the subject of ongoing research in materials science [3, 60].  
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Technically the electron mobility (𝜇 ) is a measure of drift velocity (𝑣 ) for a given 
electric field strength (𝐸), and is defined by the relation: 
       𝜇 =                  (2.4) 
The (inhibiting) contribution to mobility from various scattering processes, sum 
according to Matthiessen’s rule [34, 45, 61] to give the effective mobility (𝜇 ), where 
𝜇  is the mobility contribution from the 𝑖  scattering mechanism.  
𝜇 = ∑ 𝜇                 (2.5) 
So 𝜇eff  (or simply 𝜇 ) is the mobility that remains, after the impacts of many scattering 
mechanisms have been felt. Various scattering mechanisms each apply their inhibiting 
influence on  𝜇 , depending on conditions. Importantly, Matthiessen’s Rule tells us 
that the scattering mechanism which has the largest impact on mobility always 
dominates the effective mobility. In other words, effective mobility is always worse 
than the dominant scattering mechanism dictates, and so improving 𝜇  requires that 
all the scattering mechanisms must be mitigated, to have a meaningful impact.   
It is generally reported that in degenerately doped ZnO based TCOs, the mobility is 
dominated either by grain boundary scattering, or by ionised impurity scattering in 
more heavily doped materials (and with 𝑛  > 1019 cm-3). Phonon scattering also makes 
a significant but relatively small contribution in degenerately doped TCOs, and so the 
temperature dependent effects of thermal motions only weakly impacts effective 
mobility [60]. However temperature changes can have significant indirect effects on 
electron mobility, due to factors unrelated to phonon scattering such as surface 
chemistry, and these affects will be discussed later in the chapter.  
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Ionised impurity scattering 
The impacts of impurities on optical and electrical properties of TCOs, is an example 
of the mutually antagonistic nature of conductivity and transparency in solids [2]. In 
degenerately doped TCOs, ionised dopant atoms donate their electrons to the CB, 
which is necessary for high conductivity. For each electron donated, a impurity cation 
is left behind, and these ionised impurities become the dominant scattering mechanism 
(𝜇 ) which limits electron mobility [3].  
The effects of ionised impurities on electrical resistivity arise from several processes 
which depend on concentration of the impurities, and the material’s thermal and 
chemical history. The Brook-Herring-Dingle formula and other models (see Conwell-
Weisskopf-Shockley theory [55, 62])  have been developed to account for the effects 
at various concentrations. All the models converge on a strong reduction in mobility 
for impurity concentrations greater than 10-16 cm-3. Masetti et al [55, 63, 64]), modelled 
𝜇  in silicon semiconductors and compared with experimental data. Masetti showed 
that an additional contribution to mobility is present arising from clustering of 
impurities, where impurity density is greater than around 1020cm-1. At higher 
concentrations, ionised impurities can form cluster with charge state (Z>1). Although 
the number of scattering centres is fewer, the clusters scatter electrons more strongly 
due to their higher charge density, leading to a dramatic reduction in mobility down 
from around 80 cm2V-1sec-1 to 10 cm2V-1sec-1, when  𝑛   increased from 1020cm-3 to 
1021cm-3. Although Masetti’s work was based in silicon semiconductors, the models 
they used for 𝜇  in Si semiconductors are applicable to crystalline semiconductors 
such as doped ZnO, according to a number of reputable works (see Ellmer [55], 
Klaasen [63] and Bikowski [60]).   
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Grain boundary scattering 
Polycrystalline materials are characterised by a grain structure, meaning they are made 
up of single crystallites, separated by narrow boundary regions. The structure of the 
material in the grain boundary is different from that of either grain. In AZO thin films, 
the orientation of the crystallites is often closely aligned, a condition described as 
having strong texture. In films with high dopant concentrations, impurity scattering 
dominates and since this happens mostly within the crystallites, grain size makes little 
difference to conductivity [65]. On the other hand, where dopant concentration is low, 
𝜇   declines and grain boundaries scattering (𝜇 ) is the dominant factor determining 
the resistivity of the material.  
Travelling electron waves interact with the periodic potential function associated with 
charge distributions in the crystal lattice (the Bloch function). An electron is scattered 
when it encounters a disturbance in this periodic potential field. These disturbances 
may be caused by crystal defects, impurities and other oxide phases which coalesce at 
grain boundaries [66]. This effect is exacerbated in materials with small grain size, 
which increases the impact of 𝜇  on the material’s resistivity [67-69].  
The scattering which occurs at the grain boundaries, can occur through several 
mechanisms. Localised electron states which sit inside the forbidden band gap called 
trap states (or acceptor states [51]), can occur in great abundance at grain boundaries 
because of the high local defect density. Trap states are associated with donor and 
impurity atoms, vacancies and other defects in the lattice. Trap states are stable, bound 
states for electrons which would not exist in the single crystal phase. Shallow trap 
states are those whose energy is high in the band gap, making excitation to the CB 
highly probable. Deep trap states represent more tightly bound electron states, with 
energy levels close to the VBmax [34]. According to Seto’s model; if 𝑛  is high, the 
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trap states at the grain boundaries are largely filled resulting in a region around the 
boundary with high local charge density, and presenting a potential barrier to electrons 
[34]. On the other hand if 𝑛  is low, the traps states are partially filled, which has the 
effect of further depleting the relatively few free carriers within the crystallites [34]. 
In the latter case, this results in the localised depletion of shallow donor states near the 
grain boundary which creates a space charge layer, and this also presents a potential 
barrier to travelling electrons [8, 51, 61].  
At room temperature, electron transport across the grain boundary occurs mostly via 
thermionic emission. The probability of that occurring, depends on the height of the 
barrier potential and the temperature. Thermionic emission is the dominant inter-grain 
transport mechanism in ZnO, except at low temperatures below around 150K where 
quantum tunnelling effects dominate [51]. In degenerately doped TCOs with high 𝑛 , 
the space charge region at the boundary narrows, which allows electrons to tunnel 
across the grain boundary at lower energies, and this improves 𝜇  [2, 27, 57]. 
However the improvement in the effective mobility 𝜇 would then depend on the 
degree of scattering from other mechanisms, in particular 𝜇 . 
Thermionic emission across the GB requires that an electron carry sufficient thermal 
energy to overcome the potential barrier. The temperature dependence of thermionic 
emission across a barrier with work function (𝑊), is given by the Richardson-
Dushman equation which tells us that at room temperature, current across the barrier 
will increase with T2: 
     𝑗 = − (𝑘 𝑇) . 𝑒 /          (2.6) 
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Surface chemistry effects 
AZO thin films suffer from oxidation which degrades their electrical performance. In 
several important papers, it has been shown that adsorption of oxygen and moisture on 
the AZO surface diffuses into the film, predominantly via the grain boundaries and 
leads to a reduction of conductivity [38]. A number of papers have shown that in films 
with high 𝑛 , intergrain scattering (𝜇 ) is not the main determinant of resistivity. 
However as Vai pointed out, surface chemistry can exacerbate scattering at the grain 
boundaries through a process of adsorption and diffusion of oxygen and hydroxyl 
groups [51], and this process is highly temperature dependent. Vai highlighted the 
greater environmental stability of ITO’s conductivity over time,  a significant 
advantage ITO has over substitutes like ZnO [51]. The increase in resistivity associated 
with adsorption and diffusion of oxygen into the grain boundaries, is discussed by 
several papers (see [38, 45]), and this is closely related to the microstructure of the 
films 
The sensitivity of AZO to oxygen and moisture is exacerbated for very thin films [3, 
38, 39]). Minami [39] measured resistivity in ITO and heavily doped AZO films over 
a period up to 1000 hrs after annealing, and found that the stability of the films’ 
resistivity over time, had a very strong dependence on thickness. The films over 100nm 
were found to be quite stable with only modest degradation in resistivity, while films 
around 50nm and less degraded very quickly, with significant increases in resistivity 
in just a few hours after exposure to the atmosphere. In a significant follow up work 
investigating sol-gel derived AZO films, Minami examined the effect of oxygen 
adsorption on the resistivity of films with high surface roughness [38].  
When oxygen atoms react on the surface they create a region of high negative charge 
density, in the vicinity of the newly formed O2- ion. The polarisation field which occurs 
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in the nearby TCO material, forms a potential barrier which penetrates into the film. 
On rougher surfaces the film is thinner in the valleys and at grain boundaries, so the 
barrier has a proportionally larger impact on the effective cross-section of the film (see 
figure 2.2 adapted from Minami [70]). By this mechanism, the deleterious effect on 
mobility associated with oxygen adsorption, is significantly worsened for films with 











































































































Figure 2.2 The impact on mobility from O2- and OH-  adsorption is highly dependent 
on surface roughness and porosity. In uniformly thick film, surface O2- create a 
potential barrier. In the porous film, the thinner regions are affected more severely 
[38, 39, 71] (diagram adapted from Minami [38]). 
Lin [16] conducted experiments with annealing AZO under hydrogen/nitrogen mix 
which improved conductivity significantly. Lin attributed the improvement to 
hydrogen interstitials absorbed during annealing, which prevented oxygen absorption 
into the material and reduced degradation over time [16]. Improvements in 
conductivity have also been seen after annealing in an inert atmosphere such as N2 
[20].  There is also some evidence that judicious use Ga doping in AZO may reduce 
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the degradation of conductivity in AZO [17, 72].  Gallium doping of ZnO produces 
higher conductivity than AZO, and also produces some protective properties against 
high moisture (humidity) and diffusion of contaminants through the film [17, 72].  
Optical properties 
TCO thin films require high transmittance in the visible range – generally around 90% 
is commonly obtained across the human visible range - for photon wavelengths around 
400-700nm. The upper and lower bounds of the material’s transparent range, are 
determined by two different kinds electron-photon absorption event (see figure 1.2).  
IR absorption edge 
Control over the reflection and absorption of infrared radiation is an important function 
of TCOs in applications such as solar PV or energy efficient windows. In degenerate 
semiconductors like doped ZnO based TCOs, incident photons in the IR region are 
absorbed due to plasma oscillations [54, 73]. At the photon energy corresponding to 
the plasma resonance peak, absorption is at a maximum and transmittance drops away 
at lower energies, giving way to increased reflection. The photon wavelength where 
this occurs marks the lower bound of the transparent range, and is called the IR (or 
plasma) absorption edge (𝜆 ). As discussed above in the section dealing with carrier 
density, 𝜆  is related to the materials electrical properties including permittivity and 
carrier density (see equation 2.3) [8, 57].  
From equation 2.3, the plasma wavelength varies with carrier concentration according 
to  𝜆 ∝  . Thus, higher carrier concentration tends to raise the energy of the plasma 
edge from the IR, and this can impact transparency in the visible range at very high 
dopant concentrations [2, 56, 74]. This sets an upper limit on 𝑛  in TCOs, at around 
1.5x1021 cm-3 [3] without the visible range being impacted. 
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UV absorption edge 
At the UV end of spectrum, the high energy limit of transparency is determined by the 
energy band structure of the material. Photons with 𝐸 > 𝐸  are absorbed by 
electronic excitations, so a transparent solid needs to have an energy gap of at least 
3.1eV, since this corresponds to the upper energy limit of photons visible to humans. 
The wavelength of a photon with 𝐸  = 3.1eV is approximately 400nm. 
Fundamentally, the electronic band structure of the material is a function of how the 
charge density is distributed in space throughout the crystal lattice. Destructive 
interference between the electron wave and the periodic Bloch potential in the lattice, 
gives rise to wide bands of energy levels at which electrons are not stable. This band 
of forbidden energy states is the band gap. 
The energy gap for wurtzite ZnO crystal is around 3.37eV, which is in the near 
ultraviolet range [9, 40, 54]), although the energy gap reported in literature does vary 
somewhat from around 3.2eV to 3.6eV (see refs. [9, 40, 54]).  
Electronic band gap structure 
The level of doping in the material influences the energy gap (𝐸 ) via several electronic 
effects which are well covered in literature [7, 40, 75, 76]. The Burstein-Moss shift 
(BM) is a broadening of the effective energy gap, which results from the electron states 
near the conduction band minimum (CBmin) being filled by donor electrons. The BM 
shift becomes significant for 𝑛 > 1018 cm-3 [77], and the change in energy gap 
resulting from the BM effect (∆𝐸 ) is proportional to 𝑛 ⁄ , according to equation 
2.7 [77, 78]; 
∆𝐸 =  
ℏ
∗




The schematic diagram below adapted from Burstein [76] (figure 2.3) shows the filling 
of states at the CB min and the measured energy gap which includes the BM 








Figure 2.3 The Filled states near the CBmin push up the effective energy gap (Eg)  
due to the Burstein-Moss effect 
The effect of increasing carrier density also causes other changes in the charge 
distribution in the material. These changes have a narrowing effect on the band gap 
which opposes the BM shift. For example in conditions of high 𝑛 , many-body effects 
such as screening by the high charge density become significant. This dilutes the 
influence of coulombic interactions between an electron and the Bloch function of the 
host lattice [40, 53, 75]. These changes in the environment also alter the form and 
dimensions of electron orbitals, smearing out their energy levels. The confluence of 
these effects tend to narrow the energy gap, a set of processes referred to collectively 
as band gap renormalisation [68, 75].  
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Urbach absorption tails 
Accompanying high carrier density is a high concentration of impurity atoms. 
According to work by Dutta et al. [41], the high density of irregular ions causes short 
range disorder such as bond angle distortions, which results in trap states that sit above 
the VB maximum. The presence of these defect states causes narrowing of the band 
gap by allowing electron transitions to occur at energies below the band edge. The 
result is absorption tails in the transmission spectra called Urbach tails, which are 
described by the function: 
𝛼(𝜔) =  𝛼 . 𝑒ℏ ⁄            (2.8) 
Where 𝛼(𝜔) is the absorption at frequency 𝜔, 𝐸  is the empirical parameter which 
describes the extent of these defect trap states, and 𝛼  is a constant which reflects how 
steeply the density of defect states (𝑛 ) increases at energies approaching the band gap. 
Urbach tails in transmission spectra of polycrystalline materials are related to 
structural disorder, whose correlation length is in the range of the interatomic spacing. 
The disturbance to the periodic charge distribution in the crystal lattice opens up 
available energy states. The number of states increases exponentially at energies 




Figure 2.4 Urbach tails in transmission spectra present as an exponential increase in 
absorption of photons with energy approaching the bandgap. 
When donor concentration and defect density is high, donor states can merge to form 
an impurity band of states below the conduction band. This impurity band lowers the 
effective CBmin, contributing further band gap narrowing (BGN) [40].  
The (isothermal) band gap of transparent materials can be obtained empirically from 
the absorption spectra, using the Tauc equation [22]: 
     𝛼ℎ𝜈 = 𝐴(ℎ𝜈 −  𝐸 ) /                         (2.9) 
where 𝛼 is the absorption coefficient, ℎ𝜈 is the photon energy and A is a constant. The 
Tauc method involves plotting photon energy against the square of the energy 
absorbed, which is linear in the region just above the UV edge. To obtain the energy 
gap, the linear portion of the curve is extrapolated down to the axis where absorption 
is zero. This method has been used widely in literature for TCO research [18, 22, 43, 




There are also a number of macroscopic properties of a thin film which affect its optical 
performance. To achieve high transparency, thin film TCOs must also be 
homogeneous and free of fractures and dislocations that act as scattering centres for 
incident photons. Precipitation or clustering of opaque phases in the materials also 
reduce the transmittance, as can surface roughness or textures which tend to scatter 
light. As with other material properties, these are all determined by the film’s chemical, 
thermal and physical history.  
Structure and morphology 
The morphology of thin films may vary significantly, and this can have a large effect 
on electron transport. Various morphological features affect charge transport, such as 
texture, porosity and surface topology [39, 71].  
C-axis oriented texture 
The ZnO wurtzite structure tends to form hexagonal columnar grains, which grow 




Figure 2.5 The primitive unit cell of the ZnO wurtzite structure. Black spheres are 
oxygen, grey are zinc. The c-axis is vertical (adapted from Morkoc and Ozgur, 2009) 
[61]. 
Fanni et al [80] studied the effect of this texturing on conductivity. Fanni used 
temperature dependent hall measurements to investigate the potential barrier height at 
the grain boundaries in ZnO films, comparing c-axis and a-axis oriented films. Fanni 
found that enhancing c-axis orientation improved mobility significantly, in spite of the 
smaller grain size, when measured parallel to the desired current flow [80] (see figure 
2.7).  
One mechanism which determines the relationship between c-axis orientation and 
resistivity is described by Birkholz [81]. The electron mobility is anisotropic in 
wurtzite ZnO, because the crystal and micro-structure are highly anisotropic. The ZnO 
wurtzite crystal has piezoelectric properties, which generate electron scattering in the 
direction parallel to the c-axis, leading to an increase in resistivity in the c direction by 
a factor of around 2 [81]. Because the electron mobility parallel to the ab plane (μab) 
is around twice that of electrons travelling parallel to the c axis (μc), effective mobility 
is maximised when the c axis is normal to the applied electric field – that is; normal to 
the substrate (see Figure 2.6) [81].  Birkholz work shows that in polycrystalline AZO 
films, misaligned grains will each contribute to an increase in electron scattering, and 
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so uniformly c-oriented films are necessary to maximise mobility through the plane of 
the film itself.  
 
Figure 2.6 a) Effective mobility is maximised when the c axis is normal to the plane 
of the electric field, because 𝜇 =  2𝜇 , b) Intergrain mobility is also improved 
when adjacent grains share the same orientation (adapted from Birkholz [81]).  
Beinik et al [82] and Wu et al [83] independently investigated the conductivity of 
single ZnO hexagonal nanorods at various points on the surface, by probing using a 
conductive atomic force microscopy technique (C-AFM). By this technique they were 
able to compare the conductivity of crystalline ZnO, when contacts are made on 
various facets of the crystal surface. Both groups reported that the side facets of the 
crystal were more conductive than on the end plane (001), due to diode-like behaviour. 
Piezoelectric and other anisotropic electrical properties in c-ZnO, are due to its 
asymmetric structure along the c axis, and contribute to a large improvement in 




              
Figure 2.7 ZnO derived TCO films are often oriented with the c-xis normal to the 
substrate plane. Beinik [82] and Fanni [80] found that conductivity was higher in c-
axis oriented films. 
 
Textured crystal growth 
The growth of the columnar structure in wurtzite ZnO is driven by a competition 
between surface and volume energy. In literature on thin films, the growth model of 
Van der Drift is often invoked to explain the texture in wurtzite ZnO based thin films; 
this model is referred to in literature as ‘survival of the fastest’ [84]. According to 
model of Van der Drift, the first layer to form is randomly orientated, but soon after 
those crystallites which are out of alignment, are outstripped by the fastest growing 
crystal planes.  
For oriented crystal growth, appropriate experimental conditions are needed which 
allow easy diffusion and migration of material across the growing surface and through 
the host matrix. This is key to producing a c-axis oriented structure. The crystal 
structures which minimise surface energy of the growing film are energetically 
favourable. If thermal and other conditions allow, they will grow more rapidly and at 




ZnO based TCOs 
The most common mineral form of ZnO has the hexagonal wurtzite crystal structure 
discussed above. In the form of a single pure crystal, stoichiometric wurtzite ZnO is a 
poor conductor. This is due to the high electronegativity of oxygen, which strongly 
attracts the Zn atoms’ valence electrons into tightly bound Oxygen 2p orbitals [54]. 
However real samples of wurtzite ZnO behave more like a semiconductor, because of 
a modest concentration of excess free electrons in the material [85]. The density of 
free electrons in polycrystalline (undoped) ZnO has been attributed to intrinsic crystal 
defects such as zinc interstitials or oxygen vacancies [71] and also to unintentional 
doping by hydrogen interstitials [86, 87].  
In ZnO and other TCOs, oxygen vacancies in the crystal structure behave as an 
intrinsic charge donor, making two electrons available for conduction, where they 
would normally be localised, involved in chemical bonding [71]. Van der Walle [86] 
suggested that unintentional doping by hydrogen leads to H+ interstitials, and that these 
are also a source of electron donor states in ‘pure’ ZnO.  Van der Walle argued that 
donor states associated with oxygen vacancies sit deep within the band gap, while 
interstitial H+ donor states electrons create shallow donor states closer to the CBmin, 
making these potentially, a more probable source of free electrons in intrinsic ZnO  
[35, 86]. According to Blom et al. [84], excess zinc can also take up interstitial 
locations, and there can be ionised, becoming another donor of CB electrons in c-ZnO. 
ZnO Doping mechanisms 
In a TCO material the fermi energy (Ef) must be close to, or above the top of the band 
gap, in order that sufficient charge carriers are elevated to the CB. In degenerately 
doped AZO, conduction electrons from impurity donors are present in large numbers 
compared to intrinsic ZnO. For each Al3+ ion that takes up a substitutional location in 
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place of a zinc ion, a single charge carrier is donated to the CB [12]. However dopant 
atoms can take on various states in the polycrystalline film, and many of those states 
fail to produce extra free electrons. The doping efficiency (𝜂 ) is an empirical figure 
for the percentage of dopant atoms which donate an electron to the CB, and often this 
number is low, around 10% [37]. Incomplete activation of donor impurities, is a key 
cause of poor conductivity in AZO films. 
Ionic radius and lattice strain 
It is widely reported that doping at concentrations above the solubility limit degrades 
crystallinity [88]. The ionic radius of the Al3+ ions are smaller than the zinc ions, which 
also affects the crystallinity of AZO films [50], even at modest concentrations. The 
ionic radius of gallium is closer to that of Zn2+. Winer et al [50] reported that Ga dopant 
interrupted the crystallinity less than Al as concentration increases, and grain size was 
also improved, due to the smaller difference in radii.  
The ionic radii of several dopant materials are in table 2.1 below. 
Ion Radius (nm) 




Table 2.1 Ionic radii for group III metal used as dopants in ZnO, in order of radius 
from largest to smallest. 
Kirby [87] studied co-doping with aluminium and indium in ZnO films deposited by 
rf sputtering. Kirby established a clear relationship between lattice strain and the 
concentration of each dopant. Al doping with its much smaller ionic radius (27% 
smaller compared to Zn2+) caused a systematic compression strain in the ZnO lattice. 
Kirby [87] found that lattice strain of around 0.5-0.6% was a threshold in AZO, beyond 
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which increasing the Al concentration further yielded little benefit in terms of electron 
density. Importantly, Kirby found that adding quantities of In with its higher ionic 
radius (9% larger than Zn2+) actually remedied the lattice strain. This is interesting, 
because in order that the two effects counteract each effectively, a highly uniform 
mixing of the two dopant ions would be required throughout the film. The result 
implies that through diffusion processes, the ions settle into locations which minimise 
total lattice strain, and that they do it with high sensitivity to differences in lattice 
energy. Using the sol-gel method to produce AZO films, Zhu [45] also found that 
increased compressive lattice strain was correlated with increased resistivity.  
Madelung Energy 
The degree to which the film crystallises is affected by chemistry and experimental 
conditions, and also by the stability of the crystal structure of the film. The Madelung 
energy describes the sum of electrostatic potential energy, resulting from coulombic 
interactions between an ion core and all the other ions in the surrounding lattice. The 
Madelung energy is characteristic of a given crystal structure, and in particular the 
spatial distribution of charges. It is the major component which determines the 
cohesive energy of the lattice [89]. In general, a more stable lattice structure will be 
one that has a lower Madelung energy. 
When an ion other than Zn takes up a substitutional location in the ZnO lattice, the 
Madelung energy changes. Yamamoto [89] used modelling based on density 
functional theory, to calculate the Madelung energy of ZnO lattice doped with various 
elements. Yamamoto found that the group III cations which give rise to n-type 
conductivity have the effect of reducing the Madelung energy, whereas prospective p-
type dopant materials tend to increase it.  
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The change in Madelung energy was much larger when Ga occupied a substitutional 
location (noted as GaZn) than it was with Al at the substitutional site (AlZn). The 
Madelung energy (𝐸 ) for GaZn is -13.72eV compared with -6.44eV for AlZn.  This 
means that doping with Al should produce a more stable crystal structure than undoped 
ZnO, and when Ga atoms are added, chemical stability and crystal growth are both 
enhanced further. A strong crystal structure is important for electron mobility since 
defects disrupt the periodic charge distribution, and increase electron scattering.  Ga 
doping is widely reported in literature as improving ZnO conductivity more than 
doping with Al, and it has also been suggested that co-doping with Ga may enhance 
the solubility of Al in ZnO [89]. 
Co-doped and multilayered films  
Multilayer TCO films employing a variety of configurations have been reported in 
literature [27, 90-92] . Similarly, co-doping of ZnO thin films has been studied by a 
number of groups of researchers, using conventional dopant materials such as group 
III metals; Al, Ga, In, as well as Cu, Mg and others [18, 22, 35, 69, 87, 89]. The co-
doping of ZnO with impurities may also occur unintentionally [86, 93], through 
exposure to atmospheric or process gases, either during the production process or 
afterward. A number of interesting studies discussed effects on ZnO properties 
associated with hydrogen impurities [20, 35, 86, 94], and nitrogen impurities [20].  
Modulation doping is the technique introduced by Dingle et al [55, 65] of alternating 
layers with two different doping regimes [9, 55, 91]. The technique aims to reconcile 
the need for high density of impurity donors with the problem of ionised impurity 
scattering. Modulation doping involves depositing thin layers which alternate between 
two different materials; one with a high density of electron donors and the other with 
low density of scattering centres. First principles studies have suggested very high 
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electron mobility for modulation doped films consisting of ZnO and AZO layers [9], 
However the models suggest that the individual layers must be very thin – on the order 
of 5nm or so. This is because screening by charged ions and carriers would render the 
presence of a nearby conduction layer ineffective at distances beyond the debye 
screening length [9]. This requirement presents significant technical challenges in 
terms of maintaining strong crystalline structure across the inter-layer boundaries. 
Control over the thickness of individual layers, and separation of their different 
compositions is particularly difficult for solution based processes such as the sol-gel 
method. The concept of a seed layer was used recently by Sommer et al. [27], who 
deposited a thin layer of heavily doped AZO (2%) onto an 800nm thick film of 1% 
AZO using rf sputtering. The seed layer improved mobility in the films by a factor of 
two or more, in spite of a reduction in grain size. The seed layer also affected the 
surface morphology on the opposite surface, demonstrating that the effects of an 
individual atypical layer in the film can have effects throughout the bulk of the film, 
which are not restricted to the region within the layer itself.  
Solubility Limit 
The solubility limit of Al in ZnO is reported by various groups as being from 0.3% up 
to figures as high as 8% [37, 95]. The solubility limit of gallium in ZnO is less well 
defined but is probably higher than Al because GaZn has a lower Madelung energy than 
AlZn, as discussed above [18, 89]. This uncertainty exists because there are many 
factors other than just concentration of Al or Ga, that would affect their solubility in a 
particular film. It has been found that in AZO, some segregation of Al always occurs 
at grain boundaries, even at low concentrations [37]. Aggregate doping levels over 2% 
have been found to result in Al and/or Ga atoms also taking up interstitial locations in 
the wurtzite structure, with higher doping concentration causing major distortion of 
the ZnO lattice [18]. While in GZO, phase mixtures of secondary and ternary oxides 
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such as Ga2O3 and ZnGa2O4 have been detected as present in the inter-grain voids [55, 
66].  
Deposition methods 
There are a number of ways to deposit thin film compounds including solution based 
methods using dip, spray and spin coating processes as well as various physical 
deposition methods such as thermal evaporation, laser ablation, and magnetron 
sputtering. Of these, the best performing AZO TCO films, have been reported using 
pulsed laser deposition (PLD) [14, 16]. Very good results are also obtained in films 
deposited by magnetron sputtering. The magnetron sputtering technique is employed 
in large scale production of ITO thin films [34], however the technique is very 
expensive to conduct with high accuracy at large scale [16]. For sputtering AZO films, 
precise control over the spatial distribution of the deposited ions is highly sensitive to 
oxygen partial pressure, and variations in the state of wear on the sputtering targets. 
This leads to variations in resistivity in the large area films, which are difficult to 
control [16]. The deposition rate for large area coatings is another important factor in 
determining cost of TCOs, particularly for ZnO based films [3]. Just as the long term 
development of TCOs for solar energy is threatened by the cost and availability of 
indium, the slow rate of deposition and difficulty in producing ITO substitutes over 
large areas, also presents an important challenge for materials science.  
Sol-gel process 
For synthesising optoelectronic thin films, the sol-gel process has a number of aspects 
which are attractive. The process can produce materials with very high purity, and 
precise composition. Material properties such as porosity, crystallinity, pore-wall 
chemistry and crystal texture can be engineered by controlling synthesis conditions, 
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such as the rates of hydrolysis and condensation [96, 97]. Also, the sol-gel process 
occurs mostly at relatively low temperature, in some cases at room temperatures, 
which means experimental conditions are easier to control, and result in less 
degradation of materials [96]. 
The sol-gel process is able to produce hybrid materials and composites with highly 
intimate mixing between organic and inorganic components at the nanoscale. Because 
of the intimate contact, internal surfaces such as grain boundaries can be less 
prominent in terms of changes in the local structure. Importantly for the present study, 
organometallic precursor solutions are stable and miscible at modest temperatures, 
which makes it straight forward to control doping levels accurately.  
In the case of multilayer films however, the solution based process allows precursor 
materials from different layers to mix together, particularly if the same solvents are 
used in both layers. This limitation would create challenges in producing multilayer 
films such as modulation doped films, which require very thin, chemically distinct 
layers on the order of 5-10 nm. Sol-gel processes can be modified to allow relatively 
simple, high-throughput processes such as ink jet type processes, where thin films can 
be deposited with features such as concentration gradients. Rao et al (2009) [98] 
demonstrated the use of the sol-gel technique to create transparent conductive tracks 
1mm wide using a moulding cast method.  
In the spin coating process used for thin films, the centrifugal action drives flow of the 
sol radially outward, coating the substrate surface. As a result of increased surface area 
combined with airflows across the surface generated by the rotational motion, high 




In films produced via the sol-gel route, microstructure is strongly affected by precursor 
chemistry [79, 99]. One of the key challenges in achieving homogenous structure in 
the final film, is regulating the rate of the condensation reaction. When spin or dip 
coating process are used with sol-gel, gelation only occurs as the solvents evaporate 
away after deposition on the substrate. This means the hydrolysis/condensation 
reaction must be held in abeyance until then, to prevent excessive clustering and 
precipitation [99]. In producing ZnO based thin films, this is achieved by adding a 
chelating agent which bonds to the Zn2+ cation, forming a complex which slows 
reactions by steric interference, and prevents gelation from occurring in solution.   
However the effects which influence the stability of the precursor solution, also affect 
the crystallisation process and therefore the structure of the final film. In separate 
studies using AZO and GZO films respectively, Bel Hadj Tahar [99] and Winer et al. 
[50] compared sol-gel AZO films produced using different combinations of solvent 
and chelating agent, and found large differences in texture between the films. One set 
of films were produced using 2-methoxyethanol (2-ME) and monoethanloamine 
(MEA) as solvent and chelating agent respectively, another set using isopropanol 
(IPA) and diethanolamine (DEA). In both studies the 2-ME / MEA route was found to 
produce greater c-axis orientation in the films, which improves conductivity in ZnO 
based TCOs, as discussed earlier. The latter combination (IPA/DEA), produced more 
spherical particles, with random orientation [50, 99].  Winer et al attributed the 
differences to weaker bonding of the MEA chelating agent, and the higher boiling 
point of the solvent MEA. Both mechanisms regulate the rate of different aspects of 
gelation process.    
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For similar reasons, the sol-gel process is also sensitive to experimental conditions 
such as temperature. In situations where gelation occurs rapidly as it does in spin 
coating, small regions are prone to be trapped within the matrix where high local 
concentrations of precursors prevent the reactions proceeding to completion [96]. Sol-
gel materials also tend to undergo significant shrinkage during the drying and 
densification process. During the drying process, internal stress is generated by 
capillary forces related to the size of the pores, and which increase as the liquids 
evaporate away. These stresses can lead to cracking and fracturing, which is 
catastrophic for optoelectronic materials, so controlling the rate and the order in which 
the reactions occur is critical in producing high quality TCO films. 
Thermal treatments 
Thermal treatments also play a crucial role in producing high performance TCO films. 
Generally for sol-gel, two types of treatments are applied. First a drying treatment is 
applied immediately after coating to evaporate solvents and residual organics away, 
followed by annealing treatments at higher temperature. Drying of the films is an 
important step because morphological structures which form during drying are 
sometimes retained after the re-organisation and densification of the material which 
occurs during annealing. If drying occurs too quickly, temporary trapping and/or rapid 
evaporation of solvents from the deep pores in the sol-gel film, can result in severe 
cracking and fracturing, and failure of the coating.  
Annealing invests the atoms with enough energy to diffuse through the material. 
Successful annealing of ZnO films results in strong crystal structure and texture, 
because the particles have settled in locations which minimise potential energy. 
However increasing diffusion through thermal processing also affects film properties 
by other mechanisms, such as increasing clustering of impurities, amorphous and 
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minority phases. In general, polycrystalline ZnO based TCO materials are not made 
up of the desired phase alone, but include a number of phases such as alumina (Al2O3), 
and gahnite (ZnAl2O4). According to Ellmer [55], these mixed metal oxide phases may 
make a contribution to the electrical properties of the material, even though they may 
appear in such low concentrations as to be below the detection limit for techniques like 
x-ray diffraction.  
For annealing ZnO based films, the processes described in literature generally involve 
heating the sample for around 1hr, at annealing temperatures from 450°C [88] up to 
1000°C [100]. The results reported for the optimal temperature and duration have 
varied somewhat, but around 500-600°C has been reported as sufficiently high for 
strong crystallisation and c-axis orientation.  
The chemistry of the films are also affected by the atmosphere they are exposed to 
during annealing treatments. Studies into annealing atmosphere have trialled inert 
gases N2 [20], and also annealing under vacuum [88]. These methods have both been 
found to improve conductivity in AZO films [16, 94]. The purpose of annealing under 
vacuum or inert gas, is generally to exclude oxygen from the film surface. Oxygen is 
readily adsorbed on the film surface, and subsequently can migrate into the film via 
grain boundaries, and increase scattering centres [38, 68]. Annealing in a reducing 
atmosphere, generally a 95:5 mixture of N2 and H2, has also, been found to improved 
electrical conductivity significantly [44, 67, 68].  
Summary  
In the literature over the last couple of decades, a wide range of results have been 
reported for the performance of AZO TCOs. The wide range of results reported in 
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literature for ZnO / AZO / GZO system is indicative of how sensitive the outcome is 
to experimental conditions, at a range of different points through the process.  
The theoretical background to TCOs is rich and complex. Effects which manifest from 
one set of conditions counteract other effects, which arise separately from the same 
conditions. Process settings such as dopant concentration, and annealing temperature, 
duration and atmosphere, affect carrier density and mobility via multiple mechanisms. 
Ultimately, the morphology and microstructure of the film must be within the near 
optimal range, and defects must be minimised, for the electrical and optical properties 
to be of any use to future industries. The aim of this project is to investigate a range of 
doping configurations, while holding all other parameters constant, to seek thin films 
configurations which maximise TCO performance, while minimising reliance on 





Chapter 3 Experimental methods 
Overview of methodology 
A set of three experiments was conducted to investigate ZnO based TCO materials, 
doped with Al and Ga. The aim of the experiments was to optimise the performance 
of AZO transparent conductive thin films, while minimising materials cost and 
criticality concerns around gallium content.  
The first experiment was conducted assess the performance of three doping 
configuration – Al (AZO) and Ga (GZO) doping, and a combination of both (AGZO). 
To establish a baseline for further comparison, these films were produced with uniform 
doping throughout. 
The second stage of the investigation focused on multilayer films, which incorporated 
Al and Ga doping (and co-doping) in several combinations. From the results of this 
second set of experiments, a novel multilayer system was found to have advantages 
over the AZO films in terms of performance and materials cost and criticality. The 
system of the greatest interest consisted of an AZO film with a single central (mid-) 
layer of co-doped AGZO. 
In the third stage of the investigation, the co-doped mid-layer system was investigated 
further by varying the concentration of gallium in the mid-layer. The film coatings 
were then analysed to identify optimal doping configurations, and to elucidate their 
internal structures and mechanisms which drive performance in these TCO films.  
The sol-gel process was used to produce precursor sols, which were deposited on soda-
lime glass microscope slides (Livingstone premium slides, product code 7101-BP)  
spin coating to produce the final films. In all experiments, each doping configuration 
under test consisted of multiple samples made from the same batch of precursors. This 
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was done so that relevant properties such as conductivity, electron density and the 
films’ energy band gap could be reported as average values with standard deviations, 
taken across a whole sample set, while variables in the chemical and thermal processes 
could be controlled as much as possible. For each configuration under test, between 
seven and twelve samples were produced, depending on laboratory resources.   
Optical and electrical properties of the films were measured using UV-vis 
spectrometry (UV-vis) and Fourier Transform Infrared / Attenuated Total Reflection 
spectrometry (FTIR/ATR). The sheet resistance was measured using a linear four-
point probe technique, specialised for conductive thin films. The structural properties 
of the films were investigated using x-ray diffraction (XRD), and field emission 
scanning electron microscopy (FESEM).  
Initial process settings 
A preliminary investigation was done before commencing this investigation to identify 
initial process settings for the experiments. The preliminary study focused on AZO 
and GZO films with dopant concentrations from 0% up to 4%. In that investigation, 
the performance of the TCO films was found to be affected by many process 
parameters including sol molarity and viscosity, spin coat settings, dopant 
concentration, and thermal processing. Process settings for the set of experiments 
presented below were selected based on results from those preliminary experiments, 
and retained throughout the study, with the exception of doping configurations 
described. The dopant concentration percentage figure used here refers to the molar 
concentration of dopant metal as proportion of zinc content. For example a dopant 
concentration of 0.5% Al describes an atomic ratio of 1:200 for Al:Zn in the film.  
From the preliminary investigation, the dopant concentrations for AZO and GZO 
which produced the lowest resistivity samples were established. The concentrations of 
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the lowest resistivity films were 0.5% Al in AZO, and 1% Ga in GZO, based on these 
experimental conditions. These quantities were different from each other, but were 
both within the range expected from similar studies in literature using Ga and Al [18]. 
These concentrations were used as the initial settings for the investigation. Throughout 
all experiments reported in this study, the Al concentration was held at 0.5%. The 
gallium concentration was set to 1% for the uniformly doped baseline samples 
(Experiment 1). These concentrations were maintained though Experiment 2, in which 
a range of multilayer configurations were produced and compared. In this second 
experiment, the individual layers in the multilayer system had the same composition 
as the baseline samples and were produced from the same precursor batch, so that the 
effect of introducing different individual layers could be measured and compared. 
Once a preferred multilayer configuration had been established, a third experiment was 
conducted to assess the optimal gallium concentration in the multilayer system. In 
experiment 3, the gallium content was varied within the co-doped mid-layer, from 0-
2% Ga. 
Experiment 1 – Baseline uniformly doped films 
Thin film coatings were produced with AZO, GZO and AGZO dopants. Each of these 
films consisted of five layers, all with the same composition. The co-doped AGZO 
films were made from a combination of 0.5% Al and 1.0% Ga, while care was taken 









Experiment 2 – co-doped and multi-layer films  
Using the same experimental process conditions, a set of films was produced with 
three multilayer configurations. The three configurations are shown below. They are 
identified in this paper as a) AGAGA, b) AAGAA and c) A.AGZO.A.    
 
 
The results from experiments 1 and 2 showed that A.AGZO.A films with the co-doped 
mid-layer films were of interest to the research goals for the project, and warranted 
further investigation. 
a) AZO b) GZO c) AGZO 
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 AZO  GZO  AGZO 
 AZO  GZO  AGZO 
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Figure 3.1 The baseline films were uniformly doped with AZO, GZO and the co-
doped AGZO 
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Experiment 3 – Co-doped mid-layer investigation 
A series of samples was produced to investigate the function of the co-doped mid-layer 
and identify the optimal Ga concentration. Five sets of films were produced; one 
mono-doped AZO film along with A.AGZO.A films with various Ga content. The 
concentration of Ga in the mid-layer was set to 0.25%, 0.5%, 1% and 2%.      
 
For each set of films the electrical and optical properties were characterised using 
techniques described later in the chapter.  The results from Experiments 1 and 2 are 
presented in Chapter 4, Experiment 3 results are presented in Chapter 5.  
Laboratory procedure 
Sol-Gel synthesis 
The solvent 2-methoxyethanol, (2-ME; CH3OCH2CH2OH, 99.3+%) was mixed with 
chelating agent monoethanolamine (MEA; HOCH2CH2NH2, 99+%) to create solution 
with molar concentration 0.75 molar MEA in 2-ME. Zinc acetate dihydrate powder 
(Zn(Ac)2, C4H6O4Zn.2H2O, 98.0+0%) was then added to the solution to make a 1:1 
molar ratio of Zn(Ac)2 to MEA. The mixture was then stirred at 70⁰C for one hour 
under reflux, until the solution became transparent and colourless. After an 
homogeneous clear solution was obtained, the sols were sealed and aged overnight at 
room temperature while stirring.  
a) AZO b) AZO 
 AZO  AZO 
 AZO  AGZO  (0.25% - 2.0% Ga) 
 AZO  AZO 
 AZO  AZO 
 Glass substrate  Glass substrate 
Figure 3.3 In the final experiments, a set of films was produced with co-doped mid-
layer, having various concentrations of Ga in the mid-layer, from 0% to 2%. 
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At the same time dopant solutions were produced by dissolving salts of the dopant 
metals in 2-ME. A solution was created for each batch of sol with the concentration 
set so that 1ml of the solution contained appropriate quantities of the dopant material. 
For the Al and Ga doping solutions, aluminium chloride (AlCl3.6H2O; 99%) and 
gallium nitrate hydrate (Ga(NO3)3.H20; 99.99%) respectively, were used as the dopant 
source. The solutions were then sealed and set to stir at room temperature overnight. 
Once fully dissolved, 1ml of the dopant solution was added to the zinc sol for the 
desired level of doping, so that the volume of solvent volumes, molarity and viscosity 
of the sols were consistent. Figure 3.4 shows the oil bath and stirring apparatus, and 
three samples of pre-cursor sols. 
 
Figure 3.4 The oil bath and stirring apparatus used in the sol-gel process, and three 
samples of pre-cursor sols. 
Spin Coating  
The substrates were made from microscope slide cut to 25mm x 25mm squares. After 
cutting, the substrates were cleaned in ultrasonic bath at 45°C, first in acetone, 
68 
 
followed by isopropanol and finally deionised water, each for 10 minutes. They were 
then placed in vacuum oven overnight at 90°C to dry.  
The spin coatings procedure was done using a SPIN150i spin coater. To deposit the 
coatings, 8-10 drops of the sol was dispensed onto the substrate and allowed to spread 
for 5 seconds before the spinning procedure was commenced. The spin rate settings 
selected were based on the preliminary investigation and are tabled below (Table 3.1).  
Table 3.1 Spin coater settings were selected based on earlier trials, and were used  
throughout the experimental work presented here. 
Spin rate (rpm) Acceleration (rpm2) Duration (s) 
400 1000 10 
1250 1000 5 
2000 150 10 
400 100 10 
 
After spin-coating the samples were dried immediately on a hotplate at 210°C for 15 
minutes in air, to evaporate away solvents and the chelating agent. The drying 
temperature was chosen to be above the boiling points for 2-ME (125°C) and MEA 
(170°C). The films were then cooled to room temperature before the next coating was 
applied. The process was repeated five times to give films with thickness around 
320nm.   
Thermal annealing 
After the coating procedure and drying, the films were subjected to a thermal annealing 
process under high purity nitrogen flow. The films were heated from room temperature 
to 530°C over 90 minutes, and annealed for one hour at 530°C in a tube furnace, and 
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allowed to cool to room temperature over one hour while still under N2 flow. The 
average heating rate was around 5.5°C min-1, and cooling rate around 8.5°C min-1 
depending on ambient conditions.  Figure 3.5 The flow chart diagram for the sol-gel, 










In thin films, the measurement of resistance can be complicated by affects related to 
the film’s dimensions. These include geometric effects caused by the thickness of the 
film, edge effects and asymmetries in the probe contacts, and poor electrical contact 
between probe and films. These effects can cause measurements of thin film resistivity 
to yield different results from bulk samples of the same material. 
Special measurement techniques for thin films have been developed to overcome those 
challenges, including the linear four-point probe method which is used in the present 
study. The techniques was developed by Smitz in 1958 [101]. Smit’s method employs 
a four-point probe to overcome effects related to imperfect contact between probe and 
film. The two outer probes drive a current across the surface of the film, while two 
inner probes measure the voltage drop in a line between the current source contacts. 
The four-point probe method allows the direct measurement of sheet resistance.   
 
Figure 3.6 The four-point probe configuration developed by Smitz [101]. 
 
A four-point probe head was constructed for the study using a spring loaded multipin 
probe tip (RS Components product No. 811-S1-NNN-10-016101, Single Row, 
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Straight solder tail). The probe tip was cased in a conductive metal housing, which was 
grounded to the chassis of the current source /volt meter unit (SMU) (see Figure 3.6). 
Probe leads were low loss co-axial cable, with grounded shield to minimise noise, 




Figure 3.7 Image a) shows the probe tip assembly and the Keithley 2450 Source-
Meter used for the measurements. Images b) and c) show the probe tip in use. The 






The probe tip was gold plated (500nm), with spacing 2.54 mm, and diameter 0.8mm.  
Figure 3.7 from the manufacturer’s data sheet shows the dimensions of the tip. 
 
Figure 3.8 Probe tip dimensions (from manufacturers datasheet). 
 
The device proved reliable for measurements of the thin film resistivity, and 
measurements were found to be highly repeatable. To verify linearity in the response 
of the film and probe combined, an IV curve was plotted using a typical sample of the 
film and plotted. The plot shown below was for a GZO sample, and was typical of the 
probe’s highly linear response across a range of current. A range of films tested all 




Figure 3.9 Linearity measurements taken which indicate the linear 
response of the film and probe combined. 
 
Based on the formula from Smitz, sheet resistance is calculated from drive current (I) 
and the voltage (V) measured using the four-point probe. The formula for sheet 
resistance (Rsh) is:  
𝑅 = × 𝑐 ;   (Ω . 𝑠𝑞 )            (3.1) 
Where a and d are the width and depth of the film respectively, and s is the spacing 
between probe tips. In this case where a = d = 25mm and s = 2.54mm, the correction 
factor c = 4.2209 [101]. 
Hence all the calculations of  𝑅  presented in this study are calculated using the 
formula:    
𝑅 = × 4.2209  (Ω . 𝑠𝑞 )            (3.2) 
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From the sheet resistance and film thickness, the film’s resistivity and conductivity 
could be calculated. In the data presented, conductivity is used as the measure of 
interest since it provides a more intuitive measure of performance than resistivity.  
 UV-Vis spectrometry 
UV-Vis spectrometry was carried out using an Ellmer-Perkin Lamda 650 instrument 
fitted with 65mm integrating sphere. Measurements were taken of the transmission 
and diffuse reflectance spectra from 850 – 300nm at 2nm increments.  
UV-vis spectra were used to calculate the absorption coefficient, from which the 
energy gap could be estimated using the Tauc method [18, 40, 43] as discussed in 
chapter 2 [18, 79]. The transmittance spectra and energy gap measurements are 
presented.    
UV-Vis spectra were also used to estimate the film thickness. In transparent films, 
interference fringes form when monochromatic light passes through, and the 
dimensions of these fringes are related to the thickness of the film. Like the swirls on 
the surface of a soap bubble, the effect occurs due to constructive and destructive 
interference related to the difference in pathlength between the reflected waves 
emanating from the top and bottom surfaces of the film. These fringes show up in 
transmission spectra for highly transparent films, and these can be used to estimate the 
film thickness. In this study, transmission spectra were taken of all films, and thickness 
was obtained. The average of all the films was taken and compared with thickness 
measurements made using cross-sectional SEM.  
FTIR/ATR 
The infrared absorption spectrum also contains important information about the 
electronic behaviours in transparent conductors, as discussed in the previous chapter. 
Of particular interest to this study was the plasma absorption peak which is generally 
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found in the near to mid- infrared (NIR and MIR, respectively). In TCOs the IR 
absorption peak closely approximates the plasma frequency, and has been used widely 
in literature to estimate the electron density in the TCO films [9, 57]. The calculation 
requires that a figure be established for the effective electron mass, and the high 
frequency permittivity in the material. The values used for these calculations were 
based on experimental figures obtained from literature. The high frequency dielectric 
constant is anisotropic in ZnO thin films with high degree of c-axis orientation. The 
high frequency permittivity and effective mass for the direction of current flow (i.e. 
perpendicular to the c-axis) is given as 𝜀 = 3.61 [102]   and 𝑚∗  =  0.24 [61].  
It is possible to conduct compositional analysis and obtain other information about 
vibrational modes in ZnO derived thin films, but these were not of specific interest to 
this study and are not discussed. 
X-ray diffraction (XRD) 
X-ray diffractometry provides information about crystal structures present within a 
thin film sample, by measuring x-rays reflected from parallel lattice planes within the 
crystal. At its most basic level, X-ray diffraction data elucidates the distances 
separating lattice planes in the crystal, which are represented in the data by distinct, 
differing angles of reflection, which occur when exposed to incident monochromatic 
x-rays. Reflection peaks detected at a given angle (2θ), indicate the presence of lattice 
planes at a certain distance apart. Other important information can also be gathered 
from variations in the line shape and fine position of the reflection peaks. Broadening 
of XRD reflection peaks occurs for several reasons, including errors in instrument and 
experimental settings. However, when these factors are properly accounted for, line 
shape analysis can yield quantitative information about phase composition, texturing 
(or alignment of crystal grains) as well as lattice strain. Using the Debye Sherrer 
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method, line shape analysis can also be used to estimate grain size, although the 
precision of the method can be limited for small grain sizes sometimes found in 
polycrystalline thin films.  
In this study, XRD data was used to measure phase composition and compare the 
extent and quality of crystal structure between samples.  Diffraction patterns were also 
used to analyse texture, lattice strain in the films, and these are used to draw some 
important links with the conductivity measurements taken on the same samples. XRD 
measurements were conducted using a GBC eMMA powder diffractometer, 
employing a Cu Kα x-ray source with λ=1.54Ȧ. Scans were taken with 2𝜃 = 10 – 60°, 
with step size 0.02°. Line shape analysis and curve-fitting procedures were conducted 
using the GSASII software package.  
FESEM 
FESEM employs a very fine, high powered electron beam to scan the surface at very 
high resolution, providing very high levels of magnification. Difficulties can arise 
when using FESEM, due to damage occurring to the surface from effects related to the 
high energy electron beam. In some cases, exposure times must be shortened to reduce 
surface damage, and this can impede image quality. This impaired the quality of the 
images taken for this study, however images were obtained which were sufficient to 
gather rudimentary information about grain size, and morphology of the films. 
Unfortunately, a full and comprehensive study of film morphology and film thickness 
using FESEM, was outside the scope of the present study. 
For a selection of the films, images were obtained using a Zeiss Neon 40EsB Field 
Emission Scanning Electron Microscope (FESEM). The accelerator voltage was set to 
5.0kV, aperture size 30µm and working distance was 3.0mm. The instrument was used 
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to study the topology and microstructure, and to estimate average crystallite diameter 
on the surface. Images for the selection of samples are presented. 
 
In the following discussion, experimental results are presented comparing the 
electrical and optical properties of the uniformly doped films, and how well these can 
be used together in multilayer configurations, to enhance the TCO performance 
compared with AZO films. In each chapter, data comparing properties between 




Chapter 4 A study of co-doped multilayer thin films 
Introduction  
The following chapter describes a set of experiments which was run to explore the 
performance of multilayer ZnO films incorporating Al, Ga and Al/Ga co-doped inner 
layers, referred to in the methods section as Experiment 2. As a baseline for 
comparison, the first stage of the investigation focussed on AZO, GZO and co-doped 
AGZO films, in which the films were uniformly doped through all their layers 
(Experiment 1). The optimal process settings were refined through preliminary 
experiments, and those settings were used in the following investigation. In AZO 
films, the films with doping concentrations of 0.5at%Al had been found to have the 
highest conductivity, whereas in GZO films 1.0at%Ga were the best conductors.  
These concentrations for Al and Ga were then used as the baseline settings for further 
investigation, and same doping levels were combined in the AGZO films.  
Following the baseline samples, a series of three multilayer configurations were 
produced and characterised. A description of the multilayer films and results from the 
investigation are presented below. 
Results 
Baseline films – AZO, GZO, AGZO 
The conductivity of the baseline films was calculated from thin film resistivity 
measurements using the four-point probe method described previously, and are plotted 
in figure 4.1. The results showed that the doping composition has a significant effect 
on conductivity. AZO films were the poorest conductors of the three, and there were 
large variations between samples in the set of AZO films, and in some cases on 
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different locations within a single film. Several AZO films suffered from uneven 
coverage of the substrate surface, and this was accompanied by very high sheet 
resistance. This may have been due to contamination on the substrate surface leading 
to hydrophobic effects, or incomplete coverage during the spin coating process, but it 
is noteworthy that the surface coverage issues were more prevalent in the AZO films 
than in either the GZO or AGZO films. Since these effects were most likely related to 
substrate contamination or inconsistent coating procedure, the most extreme outliers 
were disregarded in the data presented.   
The average conductivity of the GZO films was more than twice that of AZO, and with 
more consistent results across the set (see table 4.1). Most interestingly, the AGZO 
films with combination of Al and Ga doping, proved to produce much better 
conductivity than with either Al or Ga on their own. Average σ of the AGZO films 
was four-fold better than AZO, and the films were also more consistent across the set.  
Based on these results it could be observed that the improvement in conductivity might 
be related to the aggregate doping level alone, since these are strongly correlated in 
the results. On the other hand, in earlier preliminary experiments (not reported here), 
the optimal dopant concentration of 0.5%at and 1.0%at had been found for AZO and 
GZO films respectively. During those experiments it was found that, for this 
combination of process settings, increasing the (mono-)doping concentration beyond 
these levels yielded a degradation of performance, not an improvement. This suggests 
that the improvement in the performance in AGZO is due to the intimate mixing of Al 
and Ga in combination, which alleviates some of the deleterious effects of increased 
impurity concentration in the mono-doped samples. 
The conductivity of these films are on the same order of magnitude as a number of 
works published in literature using similar methods (see [18, 46-48]), but are well 
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below the best results achieved to date, by 2-3 orders of magnitude in some cases (see 
[7, 30, 40, 44, 45]). As discussed in the earlier section TCO materials, and particularly 
AZO, are sensitive to process settings and as a result, large variations conductivity 
have been found by different research groups.  
Notwithstanding, the comparative results shown in figure 4.1 clearly indicate a 
relationship between in conductivity and doping composition. These uniformly doped 
samples were produced as a baseline for comparing against multilayer films, produced 
from the same precursor components.   
 
Figure 4.1 The average conductivity of the baseline films. Error bars are one 
standard deviation.  
Multilayer films  
Multilayer films were produced at the same time and using the same batch of 
precursors as the uniformly doped samples, to minimise differences due to batch 
quality or aging time. The design objective for the experiment was to enhance the TCO 
performance of AZO films, through co-doping regimes which minimised the amount 



























electrical and optical performance, while minimising concerns around the cost and 
supply of critical raw materials.  
Three sets of films were produced, their configurations are shown schematically in 
figure 4.2. The multilayer films were made up of five layers; mainly AZO, with 
intermediate layers composed of GZO or AGZO. The films are referred to in this study 
by a simple naming convention, by which the films in Figure 4.2 are named a) 
AGAGA, b) AAGAA and c) A.AGZO.A. The electrical, optical and structural 
properties of the films were then characterised.  
 
 
The conductivity for all sample sets is plotted below in figure 4.3, and the baseline set 
are repeated for comparison. The most significant result was the high conductivity of 
the film with the co-doped AGZO mid-layer (A.AGZO.A), which was the only 
multilayer configuration to outperform the baseline AZO films. The A.AGZO.A films 
had an average conductivity more than twice that of AZO, and the conductivity was 
the most consistent across the set. The comparison between A.AGZO.A and the AZO 
films is particularly significant, because the two configurations are structurally similar, 
except that gallium is added to the mid-layer. The conductivity of the A.AGZO.A films 
a) AZO b) AZO c) AZO 
 GZO  AZO  AZO 
 AZO  GZO  AGZO 
 GZO  AZO  AZO 
 AZO  AZO  AZO 
 Glass substrate  Glass substrate  Glass substrate 
Figure 4.2 Multilayer films with doping configuration shown schematically. These 
are referred to as a) AGAGA, b) AAGAA and A.AGZO.A in the following discussion. 
these films are named a) AGAGA, b) AAGAA and c) A.AGZO.A 
83 
 
was not as high as that of the uniformly doped AGZO, but a large improvement in 
conductivity was achieved compared to mono-doped AZO films.  
Importantly, the A.AGZO.A films exhibited conductivity which was equivalent to the 
GZO films, but consumed only 20% of the gallium used in either the GZO or AGZO 
configurations. This low level of gallium content is of interest to the research goals of 
the project around minimising consumption of critical materials, because Ga is much 
more expensive and less abundant than aluminium. As an indication of differences in 
the cost of input materials, the price (per mole) of the Ga precursor material used in 
this study, was over 1000 times higher than the cost of the Al dopant precursors. In 
round figures then, the cost of raw materials for the A.AGZO.A films is reduced by 
70-80%, compared with the GZO films with equivalent performance. 
Looking at the other multilayer configurations, the AAGAA and AGAGA films 
performed poorly in terms of electrical and structural properties, with average 
conductivity well below that of uniformly doped AZO. All the films were 
characterised by x-ray diffraction, which showed that the AGAGA and AAGAA films 
failed to achieve strong crystal growth during annealing. XRD results also showed that 
in both these sets of films, a large volume fraction of films were composed of 
amorphous phases, which is generally associated with poor charge carrier mobility in 
polycrystalline TCOs.  
Of the multilayer configurations under test, only the AGAGA and AAGAA films 
contained adjacent AZO and GZO layers which were directly bonded together. These 
films with directly bonded AZO/GZO interfaces all performed poorly in terms of 
conductivity, and crystallinity was poor in both sets compared to either AZO or GZO 
(mono-doped) films. This result, which was consistent across all samples in this group, 
suggests that differences in the crystal structure between the two doping regimes 
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inhibits crystal growth and promote amorphous and mixed phase compositions at the 
boundary between the layers. Based on these results the AAGAA and AGAGA 
configurations failed to fit the research goals on multiple criteria, and they were not 
investigated further. Instead, the following discussion is focusses on the higher 
performing A.AGZO.A films, and how they compare with the AZO only films, in 
terms of the projects objectives. 
 
Figure 4.3 Average conductivity for the uniformly doped and multilayer films 
incorporating AZO, GZO and co-doped AGZO layers. 
































Table 4.1 Average conductivity and standard deviation (as a percentage of the 





St. Dev / Ave 
(S.cm-1) 
St. Dev / Ave 
(%) 
AZO 0.04 0.011 28 
GZO 0.08 0.013 16 
AGZO 0.15 0.030 20 
AAGAA 0.03 0.003 10 
AGAGA 0.03 0.003 11 
A.AGZO.A 0.08 0.013 17 
 
Optical Properties 
All films produced for the study were highly transparent, and many of the coated 
samples were barely discernible from the uncoated substrate under close visual 
inspection. In all the films, the average transmittance across the visible range from 
400-700nm was over 90%, which is in line with results in literature for similar films. 
The mono-doped AZO and GZO films had very flat transmittance across the visible 
spectrum, and their UV absorption edge was around 390nm (see Figure 4.5).  
 
Figure 4.4 Photographs of four samples from the A.AGZO.A set.  
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Sub-band gap absorption tails 
A feature of the A.AGZO.A, films was the urbach-like absorption tails in the 
transmittance (T%) spectra at wavelengths below around 500nm, which indicates 
absorption at energies below the UV band edge. Careful observation of the 
transmission spectrum for AGZO also reveals some absorption in the region, but much 
less severe. The mono doped AZO and GZO films exhibit no tailing. The multilayer 
films being more severely tailed, suggests that these sub-band edge states, are related 
to the combination of Ga and Al dopants being present in the matrix. 
Figure 4.5 shows the transmission spectra for samples from each of the sets. The 
absorption tail in A.AGZO.A film spectrum appears very strong at the blue end of the 
visible spectrum, with 78% transmittance at 408nm, compared with 97% in AZO. 
Although this absorption occurs in the higher energy region, the impact on total 
throughput of radiant energy across the whole visible range is relatively small, which 
is important for solar energy applications. Comparing the total radiant energy 
transmitted through the films, AZO film shown here was 93%, compared with 91% 
for the A.AGZO.A.  
The absorption features were not uniform across all of the A.AGZO.A films, but the 
spectra plotted in Figure 4.5 are taken from samples which were typical of the 
differences between the sets. The samples presented here are also used later in 
comparative results, such as IR spectra, FESEM images and X-ray diffraction patterns, 
where average measurements for the whole sample set are not useful. This practice of 
using the same samples for all comparative tests was retained throughout the 
investigation, to ensure consistency in the data through the document, and to identify 




Figure 4.5 Transmission spectra from typical films of AZO, GZO, AGZO and the 
multilayered A.AGZO.A films. FESEM images, XRD patterns and conductivity data 
presented later in this section are all taken from the same samples. 
 
Energy gap 
In literature, experimental values for the band gap of ZnO TCO thin films range from 
3.2 eV [46] to around 3.37 eV  [61, 103], and as high as 3.6 eV [40]. From the 
transmission (T%) spectra shown above, the band gap was estimated using the Tauc 
method, as described in chapter two. The Tauc plots used to estimate Eg are shown 





Figure 4.6 a) Tauc plots used to estimate energy gap for AZO, GZO, AGZO and 
A.AGZO.A., and b) the same plot reproduced with larger scale to give a more 
precise estimate.  
 
The energy gap for AZO, GZO, AGZO, and A.AGZO.A films are listed in table 4.2. 
For all samples, the band gap was found to sit within the expected range for ZnO based 
TCO materials, although a small difference was seen between the films. 
 
0















A.AGZO.A AGZO GZO AZO 
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Table 4.2 The energy band gap for the uniformly doped AZO, GZO and AGZO films, 
and the multilayered A.AGZO. A film, calculated from the T% spectra shown above 
(figure 4.5). 
 






The 𝐸g obtained are presented graphically in Figure 4.7 below.  These data are taken 
from single samples, but were representative of the general trend across the sample 
sets. The film with the highest energy gap was AZO. The band gap narrowing in the 
co-doped and multilayer films appears to have been related to the absorption tailing, 
which was not present in the mono-doped AZO and GZO films.  
 
Figure 4.7 The band gap estimated using the Tauc method for the representative 
samples from each set. All films were within the range of experimental energy gap 





Thickness is an important measure in thin film TCOs since it is used to calculate 
resistivity from the measured sheet resistance. From interferences fringes in the 
transmission spectra, the thicknesses of the films were estimated using the method 
discussed in the previous section. The films were found to be between 250-400nm, 
with average thickness 320nm. Using this method of estimating film thickness from 
the transmission spectra, precision can suffer when measuring films with thickness 
less than 500nm, because the fringes become quite wide, and shallow. In addition, 
since polycrystalline ZnO films generally have a degree of surface roughness, some 
variation in thickness would be expected even within a single sample. SEM was used 
to check the average thickness taken from the T% spectra. Although both measurement 
techniques lacked a high degree of precision at these length scales, an average 
thickness of 320nm was found to be in good agreement with all measurement 
techniques. In the sol-gel / spin coating procedure, key determinants of film thickness 
include sol viscosity, spin coat settings, and the number of layers. Since these settings 
were controlled and kept constant, the assumption that they are all similar thickness 
on average, is reasonable. The value of 320nm was taken to be the film thickness for 
all films reported here, and used to calculate the materials’ conductivity from the 
measured sheet resistance. 
 
Carrier density and mobility 
To better understand the relationship between conductivity and doping composition, it 
is necessary to investigate the electron transport and scattering mechanisms at work, 
and how they vary in the different films. A first step is to quantify the electron density 
and mobility, and compare. The plasma absorption peak wavelength (𝜆 ) in the MIR 
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was measured using FTIR/ATR, to calculate 𝑛  for each film. The absorption peaks 
for the representative samples are plotted below. The peak position is strongly related 
to electron density [9, 57], as discussed in the earlier section covering TCO theory.   
 
Figure 4.8 Plasma absorption peaks showing a shift to lower wavelengths caused by  
increased carrier density.  
The peak position was measured for all the samples in the set and the average electron 
density for each set is plotted in Figure 4.9. The plot shows some interesting trends. In 
all the films the electron density was 1.8 - 2.2 x 1019 cm-3, which is in the expected 
range for sol-gel derived AZO, based on the literature. The spread of 𝑛  related to 
doping composition is significant (∆𝑛  > 22% between AZO and GZO). The 𝑛  for 
the films with co-doping sat roughly mid-way between the two.  
Interestingly, although the conductivity of AZO had been measured as lower than GZO 
by half, the AZO films were actually found to have higher 𝑛  than GZO. Reviewing 
the factors determining conductivity (see equation 2.2), this finding suggests that 




Having obtained 𝑛 , the mobility was then calculated for all films by re-arranging 
equation 2.2 to give 𝜇 = 𝜎 𝑒. 𝑛⁄ . The average figures for the samples sets are plotted 
below along with carrier density (Figure 4.9). It is well documented that carrier density 
and mobility are mutually antagonistic in degenerately doped TCOs. In literature, this 
is mainly attributed to scattering by ionised donor atoms [9, 60]. Looking at AZO and 
GZO alone, there is evidence that ionised impurity scattering is contributing to the 
difference in 𝜇 . Most significant however, is the increase in mobility of the AGZO 
film by three-fold or more, compared to the others. The AGZO films showed the 
smallest deviation of all the sets in terms of both conductivity and carrier density, and 
so the large improvement in 𝜇  can be reported with some confidence. The data shows 
that the mobility was a dominant factor driving the differences in conductivity 





Figure 4.9 The carrier a) density and b) mobility of the baseline and A.AGZO.A 
films. Error bars are one standard deviation. 
 
Doping Efficiency 
Having obtained the electron density, the doping efficiency was calculated. Since both 
Al and Ga are group III elements, each dopant atom which takes up a substitutional Zn 
position in the lattice, should ideally donate one electron to the conduction band. It is 
possible to calculate the ‘average’ density of impurity atoms and compare to 𝑛 , to 
obtain the doping efficiency, 𝜂  [37]. For the wurtzite ZnO structure, the density of 
Zn2+ ions is 4.15 x 1022 cm-3 in ZnO. Based on this information, Al3+ ions at a 





Ga3+ ions a concentration of 1.0%at should be around 4.15 x1020 cm-3, if evenly 
distributed. We can note here that the density of free electrons in the films was found 
to be much lower, ranging around 2 x 1019 cm-3. Also, the assumption that Al and Ga 
ions are the only donors of electrons to the CB - which is implicit in the use of the 
doping efficiency concept - is unlikely. In the considerable literature on the subject of 
unintentional doping of ZnO, oxygen vacancies [55, 85], adsorbed hydrogen [86, 100] 
and nitrogen [20, 100] and other types of crystal defects [85] are all candidates for 
unintentional n-type doping in ZnO. Crystal defects and other forms of disorder are 
also centres where donor states can arise which contribute to 𝑛 .  
Nevertheless, the exercise provides an upper limit on the efficiency of ‘intentional’ 
doping. In quantifying 𝜂  the assumption is made that any exposure to atmospheric 
effects which lead to unintentional doping are equal in all samples. These upper limit 
estimates are plotted in figure 4.10.  
 
Figure 4.10 The doping efficiency in AZO is higher than in the GZO, AGZO and 
A.AGZO.A which all have higher impurity content. 
 
In all the films 𝜂  is low, ranging from 10.4% down to 3.1%. These levels of 𝜂  are 



















heavily doped GZO and AGZO films, 𝜂  is lower than in the more lightly doped AZO. 
Two causes which could drive the differences in  𝜂  are i) an inherent difference in the 
doping efficiency between Ga and Al in ZnO, or ii) a saturation effect beyond some 
level around 0.5at%, where additional doping fails to result in increased 𝑛 . In relation 
to the first point, there are differences between Al and Ga which would affect doping 
efficiency. These include the ionic radii, electronegativity, ionisation energy [18] and 
the difference in Madelung energy between AlZn and GaZn. Ebrahimifard et al [18] and 
others [37] have noted similarly low 𝜂 , attributing it to the formation of Al and Ga 
oxide phases and metallic clusters, which occurs mainly at the grain boundaries or at 
the interface between the film and substrate [95, 104]).  
X-ray Diffractometry 
The phase composition of an annealed film arises out of processes which favour the 
lowest potential energy outcome. In terms of crystal growth, the competition between 
surface energy and volume energy drives the growth of grains, resulting in 
polycrystalline film. At the scale of the unit cell, impurity atoms in ZnO have the 
highest probability of taking up locations which lead to the lowest lattice energy, of 
which the largest component is the Madelung energy. However if there is a high local 
density of impurities, this competition for the lowest energy configuration, sometimes 
encourages clustering of impurities at grain boundaries, rather taking up substitutional 
sites within the crystallite [63, 64].  
XRD results showed strong effects from process parameters on crystal structure, and 
strong correlations between crystal structure and conductivity, in agreement with 
literature. Figure 4.11 shows diffractograms for the representative films. In all films 
the dominant peak is close to 34.48°, which is recognisable as the reflection from the 
(002) plane in highly textured ZnO films with the wurtzite structure. This crystal 
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structure gives rise to the columnar grain structure which is expected for thin films 
with hexagonal wurtzite ZnO, and its importance in achieving high conductivity is 
well covered in the literature [81]. The very strong dominance of the (002) peak and 
the absence of others, is clear evidence of the strong c-axis alignment and columnar 
wurtzite structure expected for a doped ZnO film. The ZnO pattern for ZnO powder 
gives an idea of the expected intensity of the (100) and (101) reflections for a randomly 
oriented sample. 
The two mono-doped AZO and GZO samples, both exhibited poor crystallinity 
compared to the films with co-doping. In addition, the two mono-doped films had 
minor reflections at 32.29° and 36.56°, which correspond to (100) and (101) planes in  
ZnO (2θ = 31.80° and 36.29° respectively (AMCSD database code 0005203)). The 
extra ZnO peaks in the mono-doped samples are barely discernible above the noise, 
but they indicate that some crystallites grew with their c-axis tilted with respect to the 
normal vector. They also both appear to be shifted with respect to the standard data for 
intrinsic ZnO. This suggests a decrease in the lattice parameter, although care must be 
taken in drawing strong conclusions from this apparent shift, because of their very low 
signal to noise ratio. In the films which contained co-doped AGZO, these peaks were 
not detectable at all.  
The AGZO and A.AGZO.A films all exhibited significantly enhanced crystal 
structure, and very strong texture. All films also exhibited a small amount of noise 
attributable to amorphous phases present in thin films, with a possible contribution 
from the amorphous glass substrate. The minor peaks at 44.05° and 43.96° peaks in 
the AZO and the A.AGZO.A respectively (see figure 4.11b), were not detected in the 
GZO or AGZO films, which suggests that they were associated with a by-product of 
the AZO composition. The origins of these minor peaks are difficult to attribute with 
certainty, the most likely candidates are α-Al2O3 (113) peak at 43.39° or metallic zinc 
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metal (101) peak at 43.26°. Here again, the shift towards higher Bragg angles suggests 
compressive strain was present, although quantitative analysis is difficult, due to the 













Figure 4.11 XRD diffractograms for the representative samples. The A.AGZO.A films 
showed the strongest crystal structure and texture, evidenced by the absence of (100) 
and (101) reflections in the thin films compared to the ZnO powder sample.  
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Looking more closely at the major peaks, the A.AGZO.A pattern exhibited asymmetric 
peak broadening which is indicative of non-uniform lattice strain. Figure 4.12a. shows 
the shift and broadening of the (002) peaks from the films, and the peak positions fitted 
using GSASII, are listed in Table 4.3 below.  
The results from the dominant peaks show that compressive strain was detected in the 
AZO films, due to the small ionic radius of Al3+ compared with Zn2+, in line with 
expectations from literature. The poor crystal structure detected in the XRD pattern for 
AZO could be attributed to the high degree of compressive strain (∆𝑐/𝑐  = -0.272%) 
and the high lattice energy which accompanies it. In the GZO films, less strain was 
observed (∆𝑐/𝑐  = -0.149%), and the intensity of the GZO (002) peak suggested 
stronger crystal growth than in the AZO, although it was still relatively weak. The 
reduced strain in the GZO is in line with literature and is explained by the larger ionic 
radius of Ga3+. 
By contrast the AGZO films showed a lattice expansion compared with ZnO, which is 
counterintuitive given both dopant ions are smaller than zinc. The A.AGZO.A films 
exhibited (002) peaks with the highest intensity suggesting strong crystal structure. 
However fitting the data using GSASII, of the A.AGZO.A (002) peak suggested that 
the pattern actually consisted of two separate reflections, as shown in figure 4.13. 
Interestingly, the two peak positions are very close to those detected for AZO and 
AGZO respectively, with similar degrees of lattice shift. Given the nature of the 
measurement, the ratios of the peak intensities provides an indication of the volume 
fraction between the two phases, which suggest that over 90% of the A.AGZO.A film 
consisted of the expanded AGZO lattice structure, while around 10% of  the films had 






Figure 4.12.a) The ZnO (002) peak and b) the unattributed peak at 44.08° is only 
detected on the AZO and the A.AGZO.A films which contain AZO layers. The most 
likely candidates are α-Al2O3 (113) at 43.39° or the metallic zinc metal (101) 
reflection at 43.26°. 
Table 4.3 provides an overview of the data for the typical samples used in UV-Vis, 
FTIR/ATR and XRD data presented in this chapter. The data tabled includes lattice 
spacing, strain and peak intensity, which is indicative of volume fraction of the phases  
represented by the reflection. Note that this data represents the specific individual 
samples used for comparison in this chapter, rather than average values shown for 




















(002) (unattributed) a) b) 
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Table 4.3 XRD patterns show that the interplanar spacing and peak intensity are 
higher in the films which exhibit better conductivity, where negative ∆d/d denotes 
compressive strain. Note that this data is specific to the individual samples used for 
comparison in this chapter, not the average values reported in table 4.1. 
















AGZO 34.39 2.605 0.133 14274 0.196 
A.AGZO.A 34.42 2.603 0.052 20116 0.08 
A.AGZO.A 34.59 2.591 -0.522 1746 “ 
GZO 34.49 2.598 -0.149 1929 0.053 
AZO 34.54 2.595 -0.272 456 0.034 
 
The curve fitting process suggested that two separate phases are present in the material, 
which would require that separate crystallite have grown with a consistent degree of 
strain, presumably associated with the level of doping concentration. This prompts 
deeper questions as to the role gallium plays and how it is distributed through the film. 
The data suggests that the gallium planted in the central layer diffuses some distance 
into the AZO layers, leading to crystallites of two distinct phases being present, of 
which 90% contain Ga, the rest containing none. There is evidence from literature 





Figure 4.13 The fit curve from GSAS II analysis for the A:AGZO:A film based on two 
peaks which are closely matched with the peak positions for AZO and AGZO. The 
data indicates the presence of distinct regions with different lattice parameters The 
AGZO crystal structure dominates, accounting for around 90% of the film’s volume. 
Discussion & Conclusion 
All the samples produced (except for several outliers) fell within relatively narrow 
range in terms of their electrical and optical properties. Fundamental properties of 
TCO’s such as 𝑛  and conductivity, were within the range expected from results in the 
literature using similar materials, including some recent works (see [18, 46, 48]). This 
is encouraging, because it suggests a degree of consistency was achieved in the 
experimental process, and that many of the key variables governing TCO performance 
were controlled reasonably well. Against that background, the results from the baseline 
experiment demonstrated a clear relationship between conductivity and doping 
composition. The best conductor by far was AGZO, followed by GZO then AZO. This 
trend was also expected from similar studies in literature [18].  
The variations in conductivity between AGZO, GZO and AZO, were almost in direct 
proportion with the aggregate level of doping in the material, those being 1.5at%, 
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1.0at% and 0.5at% respectively. At first glance this would suggest that the 
improvement in conductivity was simply a result of increased doping content, but that 
hypothesis is not supported by the data. The electron density of the films was not 
enhanced by the increase in doping content, and in fact the most heavily doped AGZO 
films had a lower 𝑛  than the lightest doped AZO. This suggests a plateauing effect in 
the concentration of activated dopant atoms, which limits electron densities to 
somewhere in the region of 2 x 1019 cm-3. The solubility limit of both Al and Ga in 
ZnO crystal are within the range of doping levels used in this experiment, and so it is 
reasonable that an upper limit would be seen in the density of activated AlZn and GaZn 
substitutional sites.  
By rudimentary analysis, AZO appeared to have the highest doping efficiency, with 
𝑛 =  2.3 x 1019 cm-3. This may be due to a high doping efficiency of around 10% in 
the AZO, but it may also be attributable to a high density of defect donor states, and 
this is supported by the diffraction data. The AZO and GZO films both exhibited poor 
crystallinity, and this is likely to have impacted  𝜇  in both set of films. The low 𝜇  of 
AZO may also have been impacted further by increased 𝜇 , due to its significantly 
higher concentration of ionised donors. 
The AGZO had the highest doping content and the poorest doping efficiency (around 
3%), however its conductivity was very high compared to the other films. It is clear 
from the data that electron mobility was driving the changes in conductivity between 
these films. The XRD patterns suggest that the AGZO film had very high volume 
fraction of highly textured crystalline material, and this conclusion is corroborated by 
its higher mobility. The XRD also shows that the AGZO lattice was expanded with 
respect to undoped ZnO, where the AZO lattice was compressed. The latter is well 
covered in literature and relatively easy to explain in terms of ionic radii.  
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The expansion of the AGZO lattice is not straightforward, since both Al3+ and Ga3+ 
have smaller radii than Zn2+. There could be several contributors. The Madelung 
energy associated with the GaZn site is lower than an AlZn site or even a regular Zn site, 
which suggests a more stable crystal structure that may withstand more structural 
distortion than either AZO or ZnO. The introduction of GaZn sites may reduce the 
density of dislocations by accommodating smaller defects such as bond angle 
distortions more effectively in the lattice. Evidence from the UV-Vis data show 
Urbach absorption tails in the A.AGZO.A and AGZO films, which are associated with 
minor lattice distortions on the scale of the interatomic spacing as discussed in the 
theory section. No tailing was observed in the AZO or GZO films, and these two results 
support the hypothesis that gallium plays a stabilising role in the lattice, facilitating 
short range bond-angle distortions and reducing more serious crystal defects. 
The multilayer A.AGZO.A film had the largest urbach tails in its transmission spectra, 
and also held interesting data in the broadening of its (002) XRD peak. The line-shape 
analysis from GSASII suggested that around 10% of the crystalline material in the 
films had a similar degree of compressive strain as the AZO, where around 90% had 
an expanded lattice spacing, similar to that seen in the AGZO.  
Nakagawa [105] studied diffusion of Ga in crystalline Zn. At a temperature of 800°C, 
Ga diffusion was investigated over micrometre distances and timeframes from 20 
minutes to several hours. Although operating at somewhat higher temperatures, 
Nakagawa’s  demonstrated the diffusion behaviour of Ga in ZnO crystal, that supports 
this interpretation of the XRD data. Figure 4.14 shows the progression of Ga through 
the ZnO as it increases in time at 800°C. The temperature dependence of the diffusion 
rate is evident in a deeper reading of the study, and a rough extrapolation suggests that 
this diffusion would proceed through the whole film or near to it, if annealed at 500°C 
for 60 minutes, as was suggested by the XRD data presented here.   
105 
 
      
 
Figure 4.14 Ga diffusion in crystalline ZnO after heating for varying periods of time 
at 800°C (Copyright 2007 The Japanese Society of Applied Physics) [105]. 
 
Taken together, the Urbach tails which reflect minor lattice distortions, combined with 
the diffraction evidence, present a description which suggests that the Ga in the co-
doped mid-layer diffused through most the AZO crystal. This suggests that the 
diffusion process delivers Ga to the AZO lattice in amounts that are most energetically 
favourable, resulting in improved the doping efficiency of the gallium component. 
The A.AGZO.A film with its co-doped mid-layer was not the best conducting film, 
but it had a combination of benefits which make it of interest to the research goals of 
this project. The addition of the AGZO mid-layer to the AZO film doubled the average 
conductivity, and achieved the equivalent performance of the GZO films. A 
particularly significant advantage of this A.AGZO.A configuration, is the level of Ga 
consumed in making the film, which is reduced by 80% compared to GZO and AGZO 
films. The large cost difference between Al and Ga precursors, means that the 
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materials cost for the A.AGZO.A films is around 20-30% of the cost for either the 
GZO or AGZO films.    
A very interesting aspect of the hypothesis being developed, is the distribution of Ga 
in the lattice. In particular, the distribution of Ga in the lattice must be very precisely 
refined to achieve minimal lattice energy, in order to accommodate this kind of a 
mechanism. The work of Kirby [87] showed that atoms of indium are able to 
compensate very effectively for the smaller radius of Al in the ZnO lattice, when co-
doped with AZO. This mechanism would require the In and Al atoms have very high 
sensitivity to changes in lattice energy as they diffuse through different positions in 
the lattice with respect to one another. Another related process is the c-axis orientation 
of the wurtzite structure. This well understood process is also reliant on the ease with 
which atoms can diffuse through the material to find the most stable locations, and it 
too is a process driven by small special variations in potential energy.  
Further experiments were undertaken to explore the action of the Ga component, by 
investigating various gallium concentrations in the co-doped mid-layer. The results of 




Chapter 5 Co-doped mid-layer thin films 
Introduction 
To further investigate the co-doped mid-layer design, a follow up experiment was 
conducted (referred to earlier in the methods section as experiment 3), to find the 
optimal concentration of gallium in the co-doped mid-layer (referred to henceforth as 
the CML). Returning again to the dual research objectives of improved TCO 
performance with minimal materials cost, the results for the prototype CML 
(A.AGZO.A) films are interesting because the seeding of gallium in only the mid-layer 
improved the doping efficiency of the expensive gallium component, compared with 
uniform Al/Ga co-doping. 
Using the same experimental procedure as the earlier experiments, a new set of films 
was produced using the CML design, incorporating various levels of Ga concentration 
in the co-doped layer, from none to 2%at gallium. Ga concentrations in the AGZO 
mid-layers were set at 0, 0.25, 0.5, 1 and 2%, where 0% refers to the new set of 
uniformly doped AZO samples, produced as control samples along with the current 
set of multilayer films. Characterisation of the films was undertaken to analyse their 
optical and electrical properties, as well as the  material’s morphology and crystal 
structure. The data is presented below, followed by a brief discussion. 
Results & Discussion 
Optical properties 
All the films in the set had high transmittance, over 90% in the visible range. At the 
UV absorption edge, the wavelength was around 392nm, consistent with results from 
the baseline films (around 390nm). Careful inspection of the spectra (Figure 5.1) 
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reveals that the AZO films had close to 100% transmittance in the 400-500nm range, 
where all the films containing Ga had some degree of absorption in that part of the 
spectrum, some as high as 9%. The 0.5% sample showed significant band tailing, 
similar to that seen in the earlier experiment. Urbach-like absorption tails are indicative 
of short range disorder on length scales around the interatomic spacing, although the 
precise nature of that disorder is not able to be ascertained from the UV-vis spectrum. 
As with the earlier experiment, the throughput of radiant energy is reduced by only 
around 2% from 400-700nm associated with the absorption tail. 
 
Figure 5.1 Transmission spectra for co-doped mid-layer films A.AGZO.A, with 
various concentrations of Ga.   
Energy gap  
The band gaps were estimated for the whole sample set and the averages plotted 
alongside average carrier density to examine the relationships between the two and 
compare with theory (see Figure 5.2). From the results of the baseline experiments it 
was difficult to draw direct conclusions about the underlying mechanisms for the 
differences in film performance, because each set varied in several ways. In this dataset 
it is possible to see the incremental effect of Ga doping concentration on the band gap. 
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The band gap for AZO was 3.39eV, which is high in the range for ZnO. This can be 
explained at least in part by the Burstein-Moss effect, since the carrier density is well 
above the expected figure for intrinsic ZnO. The band gaps of the all the films was 
within the range expected for ZnO derived thin films, between 3.365 eV for 0.5% films 
and 3.393eV at 1%.  
At low Ga concentration (<0.5%), the band gap varied roughly in proportion with 
carrier density, as would be expected from the Burstein Moss broadening, where the 
energy gap should increase with increasing 𝑛  and vice versa. However, at higher Ga 
concentrations (>1.0%) where carrier density was above 2.0 x 1019cm-1, the overall 
trend is reversed, and the band gap narrows with increasing carrier density. Band gap 
narrowing in TCO’s with high electron density has been reported [68, 75, 106], as 
discussed in the theory section. Narrowing can occur in TCO’s with high 𝑛  because 
of many body effects on electrons and because of a high density of shallow impurity 
states, which effectively extends the CBmin down into the forbidden gap. Band gap is 
also affected by other factors such as the density of defects and impurities [78], 





Figure 5.2 Energy Gap of the films was between 3.365eV and 3.393eV, in the range 
expected for doped ZnO films. Error bars are included on the carrier density 
but are obscured by the markers. 
 
Electrical properties 
The conductivity and carrier density of the new batch of films were all on the same 
order as the prototype CML films (i.e. the A.AGZO.A from the earlier experiments). 
The carrier density and mobility are plotted alongside conductivity below, in Figure 
5.3 & 5.4. Like the earlier experiment, 𝑛  was around 20% higher in the AZO than in 
the films containing Ga.  
The increased electron may be caused by a higher density donors states associated with 
of crystal defects. This is corroborated by the diffraction pattern for AZO (Figure 5.5), 
which show poor crystallinity and also by the low  𝜇  in the AZO films. 
Notwithstanding, in all the films containing Ga, the conductivity was found to improve 
as 𝑛  increased. For Ga concentration 1% and above, the increasing conductivity 





































However the average conductivity of the 0.5% films was well above the trendline, and 
there was no corresponding peak in carrier density. Having reasonably high confidence 
in the measurements of 𝑛  and σ, the high conductivity of the 0.5% films must be due 
to a change in mobility, and this is evident from figure 5.4. There are several reasons 
why this could occur. Ignoring the anomalous high mobility of 0.5% set, the 
relationship between 𝑛  and σ are evident from figure 5.3. The grey dashed line is a 
guide for the eyes, which indicates the underlying trend. 
 
Figure 5.3 Conductivity improves generally with increasing carrier density (the grey 
trendline is a guide for the eyes only). The anomalous high conductivity of the 
0.5%Ga samples does not appear to be related to ne. 
 
Referring to figure 5.4, in the low doping regime (<1%) the mobility drives changes 
in conductivity. At higher dopant concentrations, the mobility flattens off and carrier 
density dominates. This behaviour is consistent with results reported in literature [9], 
where the scattering effects from ionised impurities dominates mobility at high carrier 









































Mattheissen’s rule, as discussed in chapter two. This means that the upper limit on 
effective (total) mobility is determined by the scattering mechanism which inhibits 
mobility the most severely. As 𝑛  increases and 𝜇  impacts mobility more than other 
scattering centres such as grain boundaries, it forces 𝜇  further downward. The results 
here suggest that in these films there is a threshold at around  𝑛 ≈  2 x 1019cm-1, above 
which 𝜇  dominates mobility. Where carrier density remains below this level (Ga 
content between 0.25% and 1%), conductivity and mobility are in lock-step indicating 
𝜇  is relatively independent of 𝑛 .  
      
Figure 5.4 Conductivity increased with higher Ga content. At low concentrations 
(<1%), the mobility dominated changes in conductivity. 
 
In relation to the anomalous high conductivity of the 0.5% films, the question of 
interest is whether the improved in mobility is related to the gallium content or to some 
other factor. The broader trends in the film electrical properties are attributable to the 
doping composition and are in line with evidence from literature. Since the solubility 










































predictions about how the material should behave with impurity levels in this range, 
because large changes in properties could result from relatively small variations in 
concentration.  
There are other factors which strongly affect mobility in TCO thin films. Given that 
𝜇  in these films is low compared to the state of the art AZO films, certain systemic 
factors which inhibit mobility, must be present in all the films. Possible candidates 
include poor crystallinity, clustering of ionised impurities described by Masetti [64], 
adsorbed oxygen related effects [38], or morphological effects [81]. X-Ray diffraction 
and field emission scanning electron microscopy (FESEM) were employed to 
investigate further which of these might be responsible for the relatively high mobility 
of the 0.5% set. The samples presented in the next section were selected to represent 
the average conductivity for each group, and where applicable, the FESEM and XRD 
data are taken from the same samples.     
X-ray diffraction 
The films all exhibited a strong single peak representing the ZnO (002) plane, which 
indicates strong crystal growth and strong c-axis orientation. The diffractograms are 
shown in figure 5.5. Several general trends are evident. The strongest reflections come 
from the films with Ga content in the low range, 0.25 - 0.5%, with the 0.5% samples 
consistently showing strong crystallinity. At higher concentrations (1-2%), the 
crystallinity degrades significantly. This is most likely due to crystal defects associated 
with high impurity concentration as discussed in previous sections. 
This trend in the quality of crystal structure, shares some features in common with the 
trend in electron mobility, and this is expected from theory. The 0.5% films showed 
consistently strong crystallinity across the set, and they also consistently had relatively 




          
Figure 5.5 X-ray diffractograms for AZO films with co-doped AGZO mid-layers of 
various Ga concentrations from 0 - 2%. a) The absence of reflections other than 
(002) indicates strong c-axis orientation, most strongly on 0.5% Ga films. b) Under 
closer inspection, the same plots show varying degrees of shift and broadening at 
different Ga concentrations. 
No alternate crystalline phases were discernible in the XRD data for any of the films. 
However in figure 5.6 it can be seen that very minor peaks can be detected from the 
ZnO (100) plane at 31.8° and from (101) at 36.29°. The presence of weak reflections 
in some of the patterns most likely reflects minor deviations from the normal 
orientation in some grains, rather than a truly random orientation. Notably the 0.5% 
sample shows no such signal, which suggests that the high degree of c-axis orientation 
made have made an important contribution to the high mobility in these films. 
Recalling from chapter two, the work of Birkholz [81] elucidates two mechanisms by 
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which this might occur. Firstly, Birkholz showed how the close alignment of adjacent 
grains increases physical contact between crystallites, improving inter-grain mobility. 
Secondly,  mobility individual crystallites, is maximised when the c-axis is normal to 
the substrate plane (and therefore the plane through which current flows). This is 
related to piezo-electric effects present along the c-axis in wurtzite ZnO, which cause 
intra-grain scattering. 
         
 
Figure 5.6 Minor reflections from the (100) and (101) planes in the wurtzite structure are 
present in all but the 0.5% films.  
In the earlier experiment, the band tailing in the A.AGZO.A film was accompanied by 
broadening of the (002) peak. Line-shape analysis using GSASII suggested the 
presence of dual crystal structures, both with the wurtzite lattice but with different 
interplanar spacing. Fitting of the peak using GSASII was conducted on the 0.5%Ga, 
and yielded the curve shown in figure 5.7. In this case a good fit was found with three 
closely space peaks which are listed in Table 5.1.  
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Figure 5.7 Fitting curve from GSASII for the 0.5% film. The strong crystal peak is 
due to the presence of multiple peaks closely spaced. 
The fitting procedure yielded the XRD peaks presented in Table 5.1. It is notable that 
of the three reflections, two show compressive strain very close to the level shown in 
the AZO films (AZO interplanar spacing was 2.595Å), and the third is close to the 
spacing measured for AGZO containing 1% Ga (2.605Å), which was expanded 
slightly compared to the standard data for ZnO.  
Table 5.1 XRD reflections fitted to the (002) ZnO peak in the pattern of CML film 











34.41 5935 2.604 2.602   0.083% 
34.52 13850 2.596 2.602 -0.234% 






The XRD analysis presented here is only rudimentary and care must be taken as to the 
strength of evidence that separate crystallites are present with differing degrees of 
strain. It is also possible that the peak broadening is a result of non-uniform strain from 
bond angle distortions within crystallites, rather than separate grains each with a 
distinct degree of strain. A proper treatment of the line-shape analysis would require 
more sophisticated tools such as Rietveld refinement, which was unfortunately beyond 
the scope of the present study. Nevertheless, in the fitting procedure appropriate efforts 
were made to rule out more simple options involving a single peak, without success. 
The line-shape fitting analysis suggests the presence of two or more stable structures 
within the film in significant quantity, with the textured, wurtzite structure and 
exhibiting differing degrees of lattice strain.  
To understand the observed peak broadening it is worthwhile returning briefly to the 
transmission spectra for the co-doped mid-layer films, to compare the Urbach-like 
absorption tails with the results from XRD line-shape analysis. For ease of comparison, 
selected transmission spectra from the first and second experiments are plotted 
together in Figure 5.8. The two AZO films produced in separate batches exhibited 
identical transmittance whilst both the CML films exhibited strong Urbach-like tailing. 
Combined with the broadening in the CML films diffraction patterns, this is strong 
evidence of a connection between the absorption tails caused by disorder on the inter-
atomic scale, and the broadening of the XRD peaks in the CML films. This would 
support the hypothesis that non-uniform strain within crystallites is the source of the 
broadening, and is a feature of gallium co-doping in AZO, which contributes 
significantly to the observed improvement in mobility. 
The correlation suggests that diffusion of small quantities of Ga during crystallisation 
of AZO, has enhanced the solubility of Al and Ga in the ZnO matrix. In doing so, the 
gallium appears to mediate a relaxation of the lattice structure, which lowers the lattice 
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energy, making the structure more stable and enhancing crystal growth. This is 
evidenced by the fact that the 0.25-0.5% CML films had consistently stronger 
crystallinity and mobility than the AZO. Further, the baseline samples showed that the 
AZO lattice was under significant compressive strain, where the AGZO lattice had 
relaxed substantially, and had mobility four times that of the AZO films. Finally, the 
tails indicate that small perturbations in the lattice spacing were prevalent in the films 
with Ga co-doping, all of which had high mobility and increased lattice spacing 
compared with AZO.  
 
Figure 5.8 Transmission spectra for AZO and A.AGZO.A films from the first 
(baseline) experiment and the second set reported here. 
 
The data presented so far has been interpreted based on accepted theories of electron 
transport and scattering mechanisms in degenerately doped TCOs, and most of the 
general trends in the data have fitted within that framework. However the differences 
in doping composition of the films doesn’t help explain the low mobility generally in 
the films, compared with some similar AZO films in literature. Also, the high average 




Field Emission Scanning Electron Microscopy 
Field Emission Scanning Electron Microscopy (FESEM) was conducted on a selection 
films, including the specific samples of AZO, 0.5% and 2% used in the XRD and UV-
vis data presented above. Figure 5.9 features images from each. The FESEM images 
suffered from some degradation in quality as the images were collected, due to the 
high power of the electron beam causing damage to the material surface. In some 
images, this effect prevented the collection of a clear image. Nevertheless, crystallite 
size could be estimated, and some morphological detail obtained from the data. 
Crystallite size is defined here as the average diameter of the crystallites measured 
laterally, in the direction of current flow. Crystallite size effects conductivity in films 
where grain boundary scattering is significant, since larger grains reduce the number 
of grain boundaries encountered by travelling electrons. Crystallite size was measured 
on a number of randomly selected grains using FESEM, and the average figures are 






AZO 51.14 0.012 
Ga 0.5% 44.73 0.088 
Ga 2.0% 40.98 0.030 
 
Table 5.2 Average crystallite size and conductivity of the samples shown in the 
FESEM images above. 
 
From the FESEM images the size of individual grains varies somewhat, but the 
average figure indicates the general trend. In this case there does not appear to be a 
strong relationship between conductivity and crystallite size alone. The grain size was 
also estimated from the XRD data, using the Debye Sherrer method. However, due to 
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the very small amount of broadening present in the samples’ diffraction pattern, 
reliably separating the effects of grain size from other, instrument related broadening 
effects proved difficult. Notwithstanding, the Debye method yielded grain size 
measurements of around 53nm for all the samples, which is in broad agreement with 
the measurements from FESEM.  
 The surface structure and morphology of the film also plays an important role in the 
electrical and optical properties of TCO materials. For example, the deleterious effects 
on conductivity from the adsorption of oxygen and moisture, would be more severe in 
films that have high surface roughness, and this has been reported [38, 71]. It would 
also be expected that adsorption effects would be exacerbated in films with high 
porosity, because of their high surface to volume ratio.  
The FESEM images show significant morphological differences between the films 
which might affect electron transport. Taking the AZO film first, the images reveal a 
plicate surface structure (see figure 5.9a), meaning that it is characterised by ridges 
and valleys, folded through and around each other, on the scale of around 200nm 
across. The surface is reminiscent of the porous network seen in sol-gel films prior to 
crystallisation, and has been reported in many works employing the sol-gel thin films 
[47, 71, 108, 109]. The plicate surface structure of the AZO film could reduce electron 
mobility via several mechanisms. Firstly, as discussed by Minami [38], the surface 
roughness reduces the cross-sectional area seen by a mobile electron, which is 
determined by the thickness in the valley regions, rather than at the top of the ridges. 
Also, as can be seen from figure 5.9b, many of the crystallites in the valleys are 
separated from each other by air gaps. The voids between crystallites allows oxygen 
and moisture access to the deeper pores within the film, and increases the surface area 
of the crystallite. These two factors allow greater adsorption of O2- and OH- on the 
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surface, which reduces the conductivity further [71], especially in the thinner regions, 
as described by Minami [38, 39].  
       
   
    
          Figure 5.9 FESEM images for a & b) AZO, c & d) 0.5%Ga, and e & f)2%Ga. 
The images on the right are zoomed in for higher magnification. 
In addition to the effects of adsorption, the presence of air gaps between grains in the 
AZO film also reduced the film’s effective cross-sectional area, by virtue of the 






schematically represents the effect on conductivity from the sort of morphological 


















Figure 5.10 The effect of morphology on two films with roughly equal nominal 
thickness, reducing the effective cross section significantly. 
In the 0.5% Ga films (see Figure 5.9 c & d), the mobility was much higher than in the 
AZO. Interestingly, the addition of gallium to the films appears to have reduced 
average crystallite size, and this kind of relationship between impurity concentration 
and grain size has been reported in the literature [110]. However as shown in Table 
5.2, grain size is not the dominant driver of mobility in these films.  
From figure 5.4 it can be seen that the improvement in mobility in the 0.5% films is 
not caused directly by doping composition alone. The morphology of the 0.5% film 
features significant coarsening which created necking between large clusters of 
adjacent crystallites (see Brinker 1990, p719) [97]). Although the necks represent a 
grain boundary between the crystallite, it is reasonable to expect the potential barrier 
to be much less that of the air gaps seen in the AZO film. Figure 5.11 a & b 
schematically represents the grain structures of the AZO and 0.5% films respectively, 
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with the necking effects exaggerated for clarity. The arguments applied above to 
porosity in the AZO films would also be mitigated in the more densely clustered 0.5% 
CML film.    
 
Figure 5.11 A schematic view of the observed morphologies of a) AZO and b) 0.5% 
CML films and their effect on the width of the inter-grain gap. Necking which 
occurred during annealing appears to have improved mobility in the 0.5% films. 
The FESEM images of the 2% film was impaired by the aforementioned technical 
difficulties, and lack clarity. The image appears to show significantly reduced grain 
size, and this was accompanied by poor crystal structure as seen in figure 5.5. These 
two factors would both tend to reduce electron mobility. On the other hand the 2% 
film in the image is much more densely packed than either of the other two films. This 
difference is quite significant and according to the aforementioned argument regarding 
the porosity and surface roughness,  this would oppose the detrimental effects of 
crystallite size [71]. The data implies that the flattening of mobility in the 1-2% CML 
films may have been due to a confluence of these countervailing influences.    
Summary 
The addition of Ga in small amounts, to the middle layer has been demonstrated to 
improve the conductivity of AZO films. Analysis of the electrical properties, showed 




AZO films had consistently high 𝑛 , the origin of which was less clear. The most likely 
source of the high 𝑛  in the AZO films was high density of donor states associated 
with crystal defects, which would concur with evidence from the x-ray diffraction. It 
is also possible that crystal defects contributed to the electron density in the heavily 
doped CML films (1-2%), since these also exhibited declining mobility and 
crystallinity with increasing Ga concentration. Overall, the doping efficiency was 
found to decline as the aggregate doping level increased, as shown in figure 5.12.  
 
 
Figure 5.12 Doping efficiency for Al & Ga combined in the co-doped mid-layer films 
with varying concentrations of Ga. 
  
In the high performing CML films with 0.5% Ga, the very high alignment of the c-
axis along the normal vector as shown by the XRD, and morphological effects appear 























Chapter 6 Concluding remarks 
Transparent conductive metal oxide thin films are an integral component in an array 
of emerging technologies, including several which are important for energy efficiency 
and renewable energy generation. High performance TCO materials currently exist, 
but a key ingredient is the rare metal indium, which poses challenges around the cost 
and supply of the necessary raw materials. In the last decade or so, demand for 
consumer display technologies has driven up the cost of indium, and concerns about 
its cost and long term supply, threatens to slow the development of high efficiency 
solar PV systems that are integrating TCOs into their designs. For materials science, 
the search for new and better TCO materials as substitutes for ITO, is an important 
contribution to the development of sustainable energy systems.  The aim of this thesis 
was to contribute to that research. 
The research goal was to seek new doping systems for aluminium doped zinc oxide 
TCOs, which would improve their performance, while minimising long term supply 
and cost constraints. AZO was chosen for the project because the components are 
abundant and inexpensive, and it is a material of interest to researchers working on 
ITO substitutes. While researchers have found that the electrical properties of AZO 
can rival those of ITO, AZO is very sensitive to small variations in process settings, 
and to exposure to the environment. Gallium doping has been found to improve AZO 
properties, but it too is rare and expensive.  As is the case with many TCO research 
problems, the challenge is to strike a delicate balance between the improved 
performance and additional cost.  
Through a series of experiments, this study explored methods for improving efficiency 
of Ga doping in AZO. The experimental work focussed on AZO films incorporating a 
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co-doped AGZO layer which was deposited midway through the film, and the 
experimental results reported took the first steps towards refining the doping system.   
A large dataset of AZO based multilayer films was compiled using a novel multilayer 
design, incorporating the co-doped mid-layer with various levels of Ga doping. The 
results suggest that by seeding the film with the layer co-doped with gallium, diffusion 
can be deployed to deliver the Ga dopant to the bulk of the film during thermal 
treatments. They also suggest that electrical and optical properties could be tuned by 
controlling concentration in the co-doped layer, and by manipulating thermal process 
settings.  
The experimental work produced thin films averaging 320nm thick, with greater than 
90% transmittance across the visible range. The conductivity of the material was 
obtained from four-point probe measurements, and ranged from 0.03 S.cm-1 up to 
around 0.2 S.cm-1. This level of conductivity is far below the best results achieved for 
AZO by sol-gel techniques, by 2-3 orders of magnitude, and yet it is within the range 
found by a number of research groups published in the literature, including some recent 
work, which are referenced. In addition, electron density and mobility were obtained 
as well as energy gap, and these were compared with conductivity and dopant 
concentration to elucidate the mechanisms underlying electrical and optical properties. 
Carrier densities of the multilayer films, ranged from 1.8-2.2 x 1019 cm-1 which is in 
the expected range, and mobility varied from 0.0084 cmV-1s-1 to 0.0225cmV-1s-1, 
which is low, and this is most likely the driving factor limiting conductivity. The cause 
of the low mobility was not conclusively determined, but it is well covered in literature 
that TCO films are extremely sensitive to variations in process parameters. It is also 
discussed in literature and in the present study, that thin film morphology has a strong 
influence on electron mobility, through several mechanisms which have been 
discussed. Within the dataset however, the trends are consistent with expectations from 
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theory, and the results show significant effects on conductivity associated with the 
doping composition, and the distribution of dopant materials in the film. In general, 
the results were all within the expected range for degenerately doped AZO TCO films, 
and were self-consistent and repeatable.  
The co-doped mid-layer design achieved consistently high crystallinity, particularly in 
the lightly doped films, They were also consistently, strongly oriented along the c-axis, 
which is desirable for maximum conductivity in ZnO based TCOs. The improvement 
in mobility in the multilayered films resulting from the strong crystal structure and 
texture, yielded a doubling of conductivity or more, compared to the AZO films with 
no Ga component.   
Mechanisms for these trends were explored by X-ray diffraction and UV-Vis 
spectrometry. The results suggested that the Ga doping acts to reduce lattice energy, 
and improves the resilience of the wurtzite crystal structure to bond angle distortions 
associated with the differences in the dopants ionic radii.  Peak broadening in the 
diffraction data indicated a high degree of non-uniform strain existed in the films, 
related to the level and composition of dopants. It is not clear from the line-shape 
analysis alone whether variations in the lattice strain are occurring at the level of 
crystallites or the unit cell. However, Urbach absorption tails were only present in the 
films exhibiting XRD peak broadening, which indicates that the broadening resulted 
from distortions at the scale of interatomic spacing. This combination suggests that the 
Ga is stabilising the wurtzite structure against distortions relating to ionic radii, and 
moderating more severe crystal defects, and improving electron mobility through the 
material.  
 The multilayer films were found to improve the doping efficiency significantly 
compared with AZO, as well as improve conductivity two-fold. In terms of the 
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research goals of the project, the CML doping system achieved an improvement in 
conductivity equivalent to Gallium doping, but with a cost of raw materials reduced 
by up to 80%, and a reduced reliance on critical and rare minerals compared with the 
GZO films. The combination of improved performance and reduced costs makes the 
co-doped multilayer design worthy of further investigation. Further research directions 
for the project could include investigations to elucidate the mechanisms underlying 
TCO performance, and also the process of diffusion and its effectiveness as a dopant 
delivery system. Key challenges also still exist in scaling up these processes for 
industrial production, while retaining very fine tolerances in terms of parameters and 
quality.  
There is a great breadth of applications for TCO thin film materials, and enormous 
scope for future growth in demand for products employing them. Many applications 
are used in consumer goods and home computers, some are essential for critical future 
infrastructure, like high speed communications systems, and high efficiency renewable 
energy generation. The search for inexpensive and abundant TCO materials is an 
important and ongoing research goal for materials science, and it is hoped that this 
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